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ABSTRACT 

In 2010, after the global conference on climate change, food security and Climate-Smart Agriculture 
strategies (CSA) had gained increasing international attention. CSA’s strategies imply direct interaction 
with climate change issues to support the food security and poverty reduction in developed countries 
(FAO 2012). Greenhouse system ‘protected Agriculture’ applies the CSA strategies. It provides intensive 
food production, extending the growing season, efficient water use, and low or a non-crop pesticide 
agriculture models in comparison to the outdoor cropping system (Fabio Tittarelli et al. 2013). Recently, 
there are 200.000 hectares and 1 million hectares in the Mediterranean region and China, respectively 
(C. Paton 2012). The greenhouse industry reached, for example, 3.3 billion dollars of California's Gross 
Cash Income (A. Moya et al. 2008).  

Urban agriculture, Nexus, and climate envelope are interdisciplinary topics where greenhouses are 

integrated into the urban and pre-urban context. Building-Greenhouse prototype (BGp) is a new 
integrated design developed and based on using advanced greenhouses generation, where high indoor 
climate control and efficient water and nutrient cycles continue to be achieved. The research analysed 
the Humidification and Dehumidification (HDH) techniques for building cooling, greenhouse climate 

control, and for water desalination systems. The research methodology is to explore applying the BGp 
on the governmental rural models in Egypt, where the occupants are suffering from numerous living, 
income, and environmental problems. The BGp is opening the door to apply decentralised urban 
communities, where autonomous energy, water, and food production could be achieved using brackish 
or seawater water.  

This research implemented a comprehensive analysis to develop a BGp for the governmental housing 
in Red Sea coast in Egypt. Designbuilder simulation analysis is used to develop the governmental rural 

dwellings, the greenhouse unit, and the Heating Ventilation and Air Conditioning system (HVAC) 
design. The performance of the integrated HVAC system is verified using ‘TRNSYS’ software 
simulations. The results confirmed that the integrated HVAC intervention could save 38% and 17.5-
36% of the building and the greenhouse cooling loads, respectively, compared to the conventional 
systems. The integrated BGp application increases the occupant’s indoor living quality, the socio-
economic impact, and self-sufficiency of food and water. The research discusses the BGp application in 
comparison to the Egyptian end-use energy and market, in addition to present an economic and 
ecological analysis.  

Keywords: Climate adaptive architecture, HDH techniques, building optimisation, greenhouse 
optimisation, and HVAC systems. 
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ABSTRAKT 

Seit der Weltkonferenz im Jahre 2010 zu den Themen Landwirtschaft, Nahrungssicherheit und 
Klimawandel, gewinnen die Themen Ernährungssicherheit und klimafreundliche 
Landwirtschaftsstrategien (CSA) an internationaler Aufmerksamkeit. CSA-Strategien werden in 
Entwicklungsländern zur Unterstützung der Armutsbekämpfung und Ernährungssicherheit eingesetzt 
und stehen im direkten Zusammenhang mit der Thematik des Klimawandels (FAO 2012). Zur 
Umsetzung der CSA-Strategien, dienen unter anderem Gewächshäuser. Deren Industrie hat sich in den 
letzten 30 Jahren stark entwickelt. Gewächshäuser können im Vergleich zur konventionellen 
Landwirtschaft  die Nahrungsmittelproduktion intensivieren und  die Vegetationsperiode verlängern. 
Überdies kann eine effiziente Wassernutzung sowie ein Bewirtschaftungssystem mit keinen oder nur 
wenigen Pestiziden angewendet werden (Fabio Tittarelli et al. 2013). Aktuell sind Gewächshäuser mit 

einer Million Hektar vor allem in China verbreitet, in der Mittelmeerregion sind es ca. 200.000 Hektar 
(C Paton 2012) (A. Moya et al. 2008).  

Urbane Landwirtschaft, Nexus und Klimahüllen sind interdisziplinäre Themen, die Gewächshäuser in 
die ländliche und urbane Landwirtschaft integrieren. Der integrierte Haus-Gewächshaus-Prototyp 

(BGp) ist ein neues System, welches auf Grundlage der fortschrittlichen Gewächshausgenerationen 
entwickelt wird. Ziel ist es, ein optimales Gewächshausklima mit leistungsfähigen Wasser- und 
Nährstoffzyklen sowie einer effizienten Wasserrückgewinnung zu generieren. Die vorliegende 
Forschungsarbeit hat das Luftbefeuchtungs- und Entfeuchtungssystem (HDH) für die technische 
Anwendung der Gebäudekühlung, für die Kontrolle des Gewächshausklimas und für die 
Wasserentsalzungsanlage analysiert. Die Forschung gründet sich auf die Anwendung des BG-
Prototypen, der den von der Regierung Ägyptens subventionierten Wohnhaus-Prototypen entwickeln 

soll. Letzterer wird in ländlichen Gebieten eingesetzt, wo die Menschen neben einem zu geringen 
Einkommen und Lebensstandard auch von zahlreichen Umweltproblemen betroffen sind. Für 
dezentrale, urbane Landschaftsräume kann BGp die Möglichkeit eröffnen autonome Energie-, Wasser-
und Nahrungsmittelproduktionen einzurichten.  

Die vorliegende Forschungsarbeit behandelt eine umfassende Analyse, um die BGp-Technik in der 
Roten-Meer-Region Ägyptens anzuwenden. Die Analyse stützt sich hauptsächlich auf Simulationen. Die 
Designbuilder-Simulation wird bspw. verwendet, um das Haus, das Gewächshaus und das 
Klimaanlagensystem zu optimieren. Die Leistung des integrierten Klimaanlagensystems (HVAC) 
wurde wiederum mit 'TRNSYS'-Simulationen verifiziert. Die Forschungsergebnisse haben gezeigt, 
dass das integrierte HVAC-System im Vergleich zu bestehenden Systemen 38% des Energieverbrauchs 
im Haus und 17,5%-36% der Kühllasten im Gewächshaus einsparen kann. Die integrierte BGp-

Anwendung könnte somit die Wohnqualität im Haus und außerdem die sozioökonomischen 
Voraussetzungen, im Sinne der Selbstversorgung mit Nahrung und Wasser, verbessern.  

Stichworte: Klimahülle, adaptierte Klima- und Energiesysteme, Befeuchtungs- und 
Entfeuchtungstechniken, Gebäudeoptimierung, Gewächshausoptimierung, Gebäudeklimatisierung, 
Kühlsystem. 

 



 

 

    11  

ABBREVIATION 

ASHRAE 
AC 

AHU 
BGp  

CAOW  
CHP 
CFD 
CAV 
CO2 

DHW 
DEC 
DEP 

DB 
 

EPW 
ESU-lab  

ECs 
ERH 
FAO 
GDp 

HVAC  

HP 
InDEC 
INRM 
LEED 

LHTES  
NIR 

PCM  
PAR 
PVC 

SWGH 

 American Society of Heating, Refrigerating and Air-Conditioning 
Engineers 
Air Conditioning 
Air Handling Unit 
Building-Greenhouse prototype 
Closed-Air Open-Water cycle 
Combined Cooling, Heat and Power  
Computational Fluid Dynamics 
Constant Air Volume  

Carbon Dioxide gas 
Domestic Hot Water 
Direct Evaporative Cooling 
Direct Evaporative Pad 
DesignBuilder 

 
EnergyPlus Weather format 
Egyptian Sustainable Urbanism, research laboratory 
Evaporative Cooling system 
Equilibrium Relative Humidity 
Food and Agriculture Organization of the United Nations 
Governmental Dwelling prototype 

Heating, Ventilation and Air Conditioning 
Heat Pump 
Indirect Evaporative Cooling 
Integrated Natural Resources Management 
Leadership in Energy and Environmental Design 
Latent Heat Thermal Energy Storage 
Near Infrared Reflectance  
Phase Change Materials 
Photosynthetically Active Radiation 
Polyvinyl Chloride 
Seawater Greenhouse 

   
U-Value 
R-Value 

TSEC  
UV  

VAV 
WWR 

 The overall Heat Transfer Coefficient 
Thermal Resistance of particular material/s 
Two Stage Evaporative Cooling 
Ultraviolet Radiation 
Variable Air Volume 
Window to Wall Ratio 

 

http://www.fao.org/
https://en.wikipedia.org/wiki/Heat_transfer_coefficient#Overall_heat_transfer_coefficient
https://en.wikipedia.org/wiki/Ultraviolet


 

 



 

 

  
INTRODUCTION 
 

 



Introduction 

  

 14 

PROBLEM STATEMENT 

There are growing international efforts to promote the use of sustainable construction and energy 
techniques in the built environment. Water, energy, and food are the main driving factors for the urban 
development and growth. On one hand, food production is one of the main sectors that depends on 
energy and water resources. The agriculture sector consumes 70% of the water resources, while food 
production processes consume 30% of the global energy consumption. Water resources and 
production, on the other hand, are critical environmental issues especially in countries where water 
scarcity is exist, such as the Middle East and North Africa (MENA). 

The region of MENA has wide deserts and coastal areas, where harsh climate and environmental 
conditions are facing the urban development growth. In Egypt for example, most of the governmental 

policies toward developing the coastal areas are lacking the human and environmental qualities. The 
governmental rural housing projects are causing social and environmental problems as reported in the 
research field studies. The lightweight housing construction techniques negatively affect the indoor 
living qualities and increase the energy demands (A.S.Temeemi 2012). Nevertheless, the site 
characteristics are harsh, such as scarcity of freshwater, high salinity of soil or poor fertility, and poor 
institutional support. These factors negatively affect the occupant’s living quality and ability to plant 
agriculture plots. The lack of job opportunities has severely affected the occupancy rate in these 
communities and left it as “ghost towns”.  

The research is focusing on the Red Sea region in Egypt as a case study. The Red Sea region is one of 
the world’s most sensitive ecosystems, where special littoral and marine habitats are living. Due to the 
vast tourism industry on the Red Sea coast, it is the greatest water consumer sector (500 
litre/capita/night) for domestic, recreational use and landscape irrigation. The region dependency on 

freshwater and food resources from the Nile Delta increases the negative effects on the region’s eco 
balance. The water desalination industry in the Red Sea requires large amounts of energy and high 
desalination technology (M.Rayan 2003). The region is suffering from shortage of energy and water 
resources based on the research prospected for 2020. The conventional solutions of building 
construction, food and water production are not sustainable or adequate for the Red Sea environment.  

The recent research goes in depth solving these issues from the architectural and building-technology 
perspectives. The innovative low-tech and combined systems will be used to develop the building 
construction typology and adaption to the local environment. In addition, exploring building-
greenhouse prototypes to enhance water and energy efficiency and production of food. 
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RESEARCH OBJECTIVES  

The research is focusing on two main items, the house, and the greenhouse. The research objectives 
will target enhancement both items separately, and then attain to achieve the best technical integration 
between the building and the greenhouse, as follows:   

The research objectives regarding the dwelling unit are: 

 investigate the sustainable  and affordable construction solutions to enhance the building thermal 
performance, 

 To explore the passive and active techniques for the building envelope and the ambient 
environment,  

 to explore the alternative cooling techniques ‘low-tech’ to enhance the indoor living conditions, 

 enhancing the housing energy and water efficiency using passive recovery techniques, 

The research objectives regarding the greenhouse are:   

 Determine the adequate greenhouse design and planting conditions in hot-arid climates, 

 To apply efficient water and energy system for the greenhouse, based on the limited local 
resources, 

 Optimize the technical integration between the greenhouse unit to the building structure, 

 Increase the occupant’s benefits from the greenhouse unit whether by enhancing the energy 
efficiency and food quality or for work opportunity. 

 

RESEARCH QUESTIONS & HYPOTHESIS 

The research questions are the following:  

 How to achieve human thermal comfort in affordable housing using passive and low-tech 

systems? 

 What are the low-tech cooling systems, which are adequate for buildings and greenhouse cooling 
in hot-arid climates? 

 What is the possibility to integrate the building and the greenhouse cooling systems, and when it 
could be applied to save energy and achieve efficient resource use?  

Based on the problem statement and research questions and objective, the following research 
hypothesis will be examined: 

“Integrating the protected agricultural systems, the "greenhouses", into the urban context 
would not only contribute to the local community's food quality but could also enhance the 
standard building and greenhouse energy efficiency whilst processing the ability to recover 
and/ or recycle the energy, water, and nutrients.” 
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RESEARCH METHODOLOGY 

A quantitative study is used to examine the research hypothesis and achieve the research objectives. 
The research consists of three main parts: the theoretical study, the analytical study, and the 
application. The theoretical study provides the design guidelines for the building and greenhouse units 
based on the applied experimental projects, the greenhouse integration into the urban context, the 
state-of-the-art of the HDH techniques. This section includes as well, field studies report and analysis 
of the case study site and governmental rural housing in Egypt. The analytical study is divided into 
two stationary simulations optimising the building and the greenhouse separately. Then, the research 
will explore the optimum integrated HVAC design for the Building-Greenhouse prototype (BGp). The 
application part provides the technical, architectural, and urban applications of the BGp in the rural 
communities in Egypt. The research is divided into five chapters: the state-of-the-art, the case study, 
the simulations (A-B/parts), the HVAC intervention, and the application and conclusion. 

Chapter I ‘State-of-the-Art’: the international initiatives and example projects for integrating the 
greenhouse units into the urban context are presented. Then, the state-of-the-art, HDH techniques 
used for building and greenhouse cooling or for water desalination systems. A comparison between 
the HDH-liquid descant and the HDH-seawater applications has also been discussed. Chapter II ‘Case 
Study& Model Design’ presents analysis reports for two main issues; a) the potentials and challenges 
of the case study site in Red Sea (field study report December 2013) focusing on the urban, water, and 
food issues, and b) Field study report analysis for the governmental housing prototype in rural 
communities in Egypt (November 2011). The outcomes of Chapter I and Chapter II are used to develop 
the design guidelines and framework for the Building-Greenhouse prototype. 

Chapter III ‘Simulations: the chapter is divided into two sections (A and B). Section A ‘Building-HVAC 

simulation’, starting by development analysis for the dwelling prototype using the Egyptian code (ECP-
2005), psychometric chart and ASHRAE-2005 design guidelines. The research focused on the 
Evaporative Cooling (EC) systems. The simulation analysis applied for summer design week (kWh/m2 
per week) to examine the HVAC system cooling capacity and energy demand. The best HVAC system 
design is optimised based on the building’s indoor climate quality and the HVAC operation energy. 
Section B ‘Greenhouse-HVAC simulations’ is started by the theoretical analysis for the greenhouse types, 
planting types, cooling techniques and guidelines in hot-arid climates. Optimisation is also processed 
to enhance the HVAC cooling capacity and the greenhouse operation scenarios. 

Chapter IV ‘HVAC Intervention’: annual simulations (kWh/a) is run to examine three HVAC alternative 
design models to integrate the building and the greenhouse units. The best-integrated HVAC model, is 
verified by TRNSYS simulations. CFD simulation is used to enhance the HVAC system operation in the 

dwelling and the greenhouse spaces. At the end of Chapter IV, economical comparison and analysis for 
the integrated HVAC systems have been discussed.  

Chapter V ‘Application & Conclusion’: provides the technical, architectural, and urban design details 
for the BGp using the integrated HVAC system. The system ecology and application of the BGp in Red 
Sea region will be presented. The research discussion compares the BGp-HVAC system with the 

commercial cooling applications in housing in Egypt and greenhouse industry in MENA region. The 
conclusion illustrates the research results and their contributions towards buildings, greenhouses and 
HVAC systems in hot-arid climates.



 

 

 

Chapter I 
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CLIMATE ENVELOPE  

Climate envelope is a modern concept that has been applied in Europe and cold climate countries, as a 
protection of buildings from outside harsh climate conditions. In an architectural context, it is a place 
for living, where suitable human comfort conditions adapted to the outdoor climate are achieved. It 
has translated into designs as a building inside an external transparent cover. Climate envelope keeps 
the inhabitant visually connected with the ambient climate, but thermally and acoustically insulated 
from it. In other cases, solar thermal energy could be collected and stored for internal heating using 
greenhouse effect. Nowadays, climate envelope has been highly connected with the development of 
building technology and design (C. Steffan et al. 2013). Richard Buckminster’s geodesic dome structure 
is one of the famous examples of light-weight and cost-effective structures used to realize the climate 
envelope concept. His most famous concept project is “Manhattan City” at the U.S. pavilion at 

Montreal’s Expo ’67. The proposed geodesic dome, two miles in diameter and spanning the midtown 
of Manhattan to control the weather and reduce air pollution in the city, he justified that covering the 
costs of the dome within ten years is possible, only from saving the costs of snow removal. Other 
projects in smaller scales have been built in the last decades using geodesic structures, such as the Eden 
project in the UK. (H-Y Chu, R. Trujillo 2009). The Frei Otto architecture projects have also applied 
numerous ideas of climate envelope. In 1971, the project idea “Stadt in der Arktis” in Tokyo was also a 
different attempt from Frei Otto and Kenzo Tange architects to realize a 2000 m span dome covering 
a town with more than 40.000 inhabitants (Frei Otto et al. 1971). 

A new technical innovation for climate envelope concepts was the project “Cool Paris”. This project 
was announced in October 2015 in the Musée d'Orsay in the centre of the French capital by the energy 
planners Transsolar and consultancy Carlo Ratti Associati. They developed an idea to cover cities, such 

as Paris, with membrane materials based on the innovative photonic membranes investigated by 
researchers in the USA at Stanford University. These reflect solar radiation and transmit only long-
wave infrared radiations. The membrane cover could make cities climate 5-10 degrees lower than the 
ambient air temperatures. The argument for this technology is that it can cool buildings of tomorrow 
without using shading or the need for electricity or water, Figure 1 (Transsolar, C. Ratti. 2015). 

In the department of building technology and architecture design (gte- Prof. C. Steffan, TU-Berlin), the 
climate envelope concept has been intensively discussed, through student’s architectural projects or 
scientifically via numerous research projects. WATERGY project, directed by Dr. Martin Buchholz, 
mentioned above, is one of the distinguished sustainable technologies, which has been developed for 
climate envelope applications. It is integrated low-technology of Heating Cooling and Air Conditioning 
HVAC system for heating and cooling in building and the greenhouse. Watergy technology is not limited 

to enhancing the quality of indoor air, indoor living style, and acoustic protection, but also has been 
extended for professional food cultivation and water desalination (M. Buchholz et al. 2007) (C. Steffan 
et al. 2013). Watergy is a low-technology system, which could apply to a small HVAC scale, or integrated 
into the urban context.  

BUILDING-GREENHOUSE MODELS 

The following examples are of different building-greenhouse models, which have been applied to some 
architectural and commercial projects, as well as experimental research projects. Food production is a 
common target for the most projects, have been applied using different design techniques as follows. 
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MAISON PRODUCTIVE HOUSE 

Maison Productive House MpH is a private initiative from Rune Kongshaug, the designer and owner of 
MpH. He has implemented his vision in cooperation with Design 1 Habitat D1H, a non-profit 
organisation involved in urban agriculture. The project, built in 2009, is located in the working-class 
Point-St-Charles neighbourhood, Montreal, Canada. Maison Productive House is a 1460m2 and three-
storey high building. As the quote by the designer Rune Kongshaug states, “good design integrates 
living, working, food production, transport, and leisure”. The building presents the potential for 
integrating food production into a residential building, mixed use, and in an urban renovation project. 
The project is an example of achieving a sustainable residential project including food production. 
Residents grow plants in allotted “planting areas”, which are located indoors and outdoors. A 
greenhouse unit is installed on a 930m2 green rooftop. The planting areas include herb and berry 
gardens, fruit trees, a vertical garden, the greenhouse and open gardens. A drip irrigation system is 

used to reduce water usage in 15 different gardens. Collected rainwater is for gardens growing salad 
and greens, and greywater is used in case of rainwater shortage. The greenhouse has a two-layer 
polycarbonate cover (low U-value) to increase the heat gain and storage, which additionally extends 
the growing season(s). The project is facilitated by numerous energy-saving technologies, including 
solar panels for hot water production, geothermal heating, energy star, optimized water appliances 
and a recycling system. Passive techniques are applied to the building envelope to minimize heating 
and cooling loads, such as the use of shading blinds on the south façade. As the designer has expected, 
the project received Novaclimat certification for building’s energy efficiency as it has autonomously 
covered 60 to 80 percent of its energy (Gorgolewski M. et al. 2011; A. Viljoen, K. Bohn 2014). MpH is a 
vision of the project’s owner, and is considered a particular example of building-greenhouse integrated 
models in the urban context. The greenhouse, itself, has a minimal role in enhancing the building 
thermal or technical performance, and has no particular acclimatisation applied for heating or cooling. 

Only exhaust air coming from the building’s sauna and bakery is used to heat the greenhouse. The 
waste air circulation is shown in Figure 2, air from the stairs zone is also disposed to the greenhouse 
unit. Nevertheless, the authors of Carrot City publications argue the importance of residents’ 
acceptance to such a different lifestyle before the replicable applications of this model in other projects 
(Gorgolewski M. et al. 2011).  

URBAN FARMERS 

“Urban farmers” is a private company that initiates the idea to build and manage ‘Urban Farmers UF’ 
systems in three scalable prototypes for different building typologies. Through these prototypes, they 
promote local food production and extend urban agriculture. The first commercial prototype was built 

in 2013, in Dreispitz, south of Basel, Switzerland. The prototype production process of fish and food 
was examined by the University of Applied Sciences (ZHAW) in Wädenswil. The UF is an aquaponics 
system where fish farming and hydroponic(s) are integrated into a semi-closed cycle. Plants help to 
purify the water for the fish farm, where fertiliser produced from fish waste is used by plants. UF 
system seems simple as a concept, but is complex in the application, as shown in the design diagram 
of < Figure 3. For example, the bio-filter weight load was 1500kg/m2, and the aquaculture load was 
900kg/m2 (R. Gaus, A. Graber 2011). An additional energy, water, and mechanical system are installed 
for the greenhouse unit, which means that only waste heat from the building is utilised for heating the 
greenhouse. Energy and tap water access, solar collectors for heating, and heat storage are all needed 
for the prototype construction. Urban Farmers applied their private controlling software system for 
the greenhouse operation system.   
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Figure 1: Climate envelope, as covering a district in 

Paris using photonic membranes material.  
Source: (Transsolar, C. Ratti. 2015). > 

 

 

 

Figure 2: Using exhaust air from the sauna and 
bakery areas for heating the greenhouse. 
Source: (Gorgolewski M. et al. 2011). 

 

 

 

  

  
 
 
 
 
 

 
 
 

 
 
 

 

 

< Figure 3: 3D model shows the water and 
nutrients circulation of in the Urban Farms 
prototypes. Source  (R. Gaus, A. Graber 2011) 
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They applied a separated drainage system for greywater, rainwater, and services access to manage 

farm waste as well. In the greenhouse unit itself, a technological system and network for food and fish 
production are installed. Renewable energy and compost organic waste is also applied in the project. 
In UF Farm at LokDepot, they achieved an annual yield of 5 tons of vegetables and 850 kg of fish. UF 
has already a reliable customer base in the market, by applying a subscription system for selling their 
consistent products. Minimum building-greenhouse technical integration is applied, as little data is 
supplied regarding their technical system. Unlike the Mph project example, greywater is not integrated 
into system design to achieve a high product quality of food and fish (Gorgolewski M. et al. 2011; R. 

Gaus, A. Graber 2011). 

WATERGY: BUILDING-GREENHOUSE PROTOTYPE  

M. Buchholz designed the first Watergy system for European climates, presenting a new HVAC 

intervention for building cooling and heating. The system is integrated with a greenhouse unit a using 
liquid desiccant solution. It is an adaptive climate system, where ambient climate conditions have a 
significant effect on the HVAC performance. The Watergy greenhouse prototype has been 
experimentally implemented in Almeria–Spain for agricultural purposes as well as in Dahlem in Berlin 
using climate envelope constructions. The project prototype is considered to be a breakthrough model 
as a technical integration of the building and a close-greenhouse is applied. The prototype uses efficient 
energy and water system for building heating, cooling, and food production. The project team has 
investigated applying compost organic waste integrated into the agricultural soil layers. The 
greenhouse is utilised as a heat collector and storage system for the building, as in Figure 4. While the 
HVAC system is designed for cooling and heating using humidification and dehumidification 
techniques assisted by liquid desiccant, it controls the relative humidity levels in the building. The 
closed greenhouse system provides high control on indoor climate and water use. Water desalination 

is partially achieved, as a condensation of water vapour from plants evapotranspiration, which occurs 
on the greenhouse surface. Desalinated water usually used for irrigation, and it could be used as tap 
water when the use of greywater is discarded. Watergy has been applied in numerous experimental 
research prototypes, but not on a commercial scale. Further development has been explored to adapt 
to different climate conditions, as in Egypt and United Arab Emarits (M. Buchholz 2008; C. Steffan et 
al. 2013). The project team should implement their own HVAC system design, and recently they apply 
advanced developments into new experimental projects. 

URBAN AGRICULTURE: PLANTING BUILDING ROOF AND GREENHOUSES INTEGRATION 

Greenhouse Village project in Netherlands, designed by the ‘Innovatie Netwerk’ team, has a different 

technology of building connected greenhouse systems. It depends on using numerous technologies for 
passive heating, heat storage, reuse of resources and nutrients, and use of solar and biomass technology 
for energy production. A commercial scale greenhouse technology is integrated into the urban 
development as a source of water, electricity, and food. The project designed to achieve a self-sustained 
model. The greenhouse designed with large-scale thermal heat storage, cooling towers and semi-closed 
water and greywater cycle,  Figure 5 (J.G. de Wilt, P.G Hübens 2007).  This model has quite complex 
industrial technologies, which have to be applied in large-scale projects, and requires a specific urban 
design policy. (Gorgolewski M. et al. 2011). Greenhouse Village is a full cycle of energy, water, nutrient, 
and food production. The system is complicated, based on the complicity and interconnection of 
recycling systems. Solar energy and biomass are the main sources of heating and electricity. A closed 
water cycle helps minimize the addition of freshwater to just 5% from rainwater, while the house grey 
and blackwater are processed and reused in the greenhouse irrigation.   



 Chapter I 

  

 22 

 

Figure 4: Watergy (building connected greenhouse system) as the concept proposed. Source: (M. Buchholz 2008) 

 

 

Figure 5: Energy Cycle of Greenhouse Village system. Source: (Greenhouse Village, (J. de Wilt, M. Hübens. 2005) 
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The project estimated the capacity of two hectares of the greenhouses to cover the needs for 200 

dwellings in the Netherlands based on interdependence of energy-producing greenhouses and 
surrounding neighbourhoods (J.G. de Wilt, P.G Hübens 2007). Carbon Cycle:  The carbon cycle is 
aiming to produce biogas as a source of energy and heat. Biogas is produced by mixing the blackwater, 
organic waste, and residual plants that converted into biogas by bacteria in a vacuum digester called 
‘anaerobic cycle’. The digester outlet has two parts: a) ‘effluent-liquid’, which is full of nutrients and is 
used in the greenhouse irrigation water cycle, b) ‘solid-waste’ which is used after dewatering as a 
composted and pet substitute for the greenhouse. Biogas is combusted in a gas turbine to produce 

electricity power, and waste-heat used for domestic water heating and CO2 fertilising in the greenhouse. 
Through this process, biogas has approximately 20-25 MJ/m3, which is 60% of the standard Dutch 
methane gas. Water Cycle: is a combined system of water treatment, irrigation, tap water usage, and 
water recycling. The waste black and greywater of the urban area are separated, vacuum Toilette (1 
l/flush) is used to minimise the amount of blackwater. Blackwater is used in the digester unit 

mentioned above to produce biogas. Greywater is purified in an anaerobic bioreactor and used later in 
the irrigation system. Nutrient Cycle: Nitrogen, phosphorous and potassium are the main minerals 
needed for plants in the greenhouse. Thus, the effluent liquid from the digestion process that is rich 
with nutrients is added to the greywater. In the bioreactor, nitrification converts the Ammonium NH4+ 

to Nitrogen NO3-, or it occurred through the natural nitrification of soil (J.G. de Wilt, P.G Hübens 2007). 

WATER, ENERGY AND FOOD SECURITY (NEXUS) & CSA APPROACH 

“Agriculture is currently the largest user of water at the global level, accounting for 70% of total 
withdrawal. The food production and supply chain accounts for about 30% of total global energy 

consumption. “ 

UN-Water 2014 

Nexus is (a Latin word meaning: Connection, linkage, interrelation), was issued at the Bonn conference 
in November 2011; it expresses the complex relation between food, water, and energy. Water is the 
main factor affecting the agro-food supply chain while energy is required for the irrigation and 
machinery of food production processes (TH Köln 2013). Nexus is not only discussing the synergies 
and trade-offs between water and energy of food production, as well as the environmental impact and 
climate change. Nexus addresses the governmental issues at country level such as: coordination 
between governmental sectors, sectoral, laws and regulatory frameworks, and assessment of decision 
making (FAO 2014). In June 2012 in the “Africa Water Week”, the Egyptian minister of water resources 
and irrigation exposed the importance of applying Nexus on a national level, and argued for the 
importance of using food production space in comparison to biofuel space. He highlights the effect of 

cities growing in the Middle East and North Africa MENA on the energy and water resources, and the 

critical role of applying desalination mechanisms to secure the water supply (Nexus 2012) (Hanoi 2012). 

In 2010, after the global conference on climate change, food security and Climate-Smart Agriculture 
strategies (CSA) gained increasing international attention. CSA implies direct interaction with climate 
change adaptation and mitigation for achieving successful agricultural development planning, 
investment strategies, supporting food security and poverty reduction (FAO 2010). Climate adaptation 
is linked to food security objectives and priority, especially for less-developed countries where food 
security and poverty are the main goals of the agricultural development. Countries policies and the 
institutional capacity have an essential role in supporting the farmers and householders to adapt to the 
climatic changes. If the governmental and institutional policy adopts CSA' strategies, the socio-
economic losses associated with the climatic change will be minimised.  
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HUMIDIFICATION & DE-HUMIDIFICATION COOLING TECHNIQUES  

Most of the HVAC systems used in buildings and industrial cooling are using Humidification and De-
Humidification (HDH) principles. Evaporative cooling is a humidification techniques and the simplest 
cooling application, while Humidification and dehumidification systems have a complex or advanced 
applications in cooling.The state of the art of the humidification and dehumidification techniques in 
buildings and greenhouses are discussed in this section. 

HUMIDIFICATION COOLING TECHNIQUES  

Passive cooling designs of evaporative cooling techniques has been used in the Ancient Egypt as 
illustrated in plaster paintings in tombs in Thebes in Luxor 2500 BC. It shows slaves fanning jars of 

water in order to cool the royalty rooms (Rosa Schiano 2004). This cooling technique was widely used 
through the Islamic Era, in most residential houses and palaces (Rosa Schiano 2004) (M. Din et al. 
2011), as in Figure 6. Numerous mechanisms such as water ponds in courtyards, porous water pots, 
clay jars and water chutes installed in wind catchers were common cooling techniques used in most 
Islamic buildings in Cairo (M. Krautheim et al. 2014). Simple techniques of evaporative cooling have 
usually been utilised in the vernacular architecture in the Middle East and North Africa. 

 

Figure 6: Clay jar filled with water placed in a window (Mashrabiya) used for ventilation and 
cooling. Source: (M. Din et al. 2011). 
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EVAPORATIVE COOLING IN APPLICATIONS  

Direct evaporative cooling is a simple application for cooling building spaces by means of air 
humidification. Evaporative cooling has numerous applications as cooling towers and Fan-pad systems, 
which are used as modern cooling techniques in buildings. Small applications are also applied in the 
farming industry such as poultry and greenhouses. A direct evaporative cooling (Humidification 
system) unit is available on the market so-called ‘Desert Air Conditioner’ used in hot-dry climates. The 
efficiency of the evaporative cooling system depends on the ambient climate conditions. A 
Humidification system increases the indoor humidity levels of conditioned spaces; this might increase 
the risk for mold. Therefore, a proper ventilation design is required for the space cooling and design. 
More details discussed in simulation stages in the Chapter (III). In the refrigeration systems, the cooling 
tower is used for cooling the refrigerant at the condenser coil, where the heat is extracted out of the 
refrigerant to enhance the efficiency of the heat pump. This process is usually consisting the exterior 

side of the heat pump units of buildings. The cooling tower is usually used as an indirect cooling unit; 
it works efficiently in dry climates using water as a cooling medium. It is noteworthy to mention that 
a cooling tower is mainly part of the ventral air conditioning systems for high-rise buildings, and 
central district plants for chilled water (N. Lechner 2008).  

Applications in Buildings  

Nowadays, evaporative cooling techniques have been developed in modern architecture and industrial 
sectors in different applications such as refrigerant cooling towers and Fan-Pad cooling systems. In 
Masdar Institute of Science and Technology (MIST), a central wind tower of 45m height structure 
supplies cool breezes to the central campus courtyard of the MIST. The tower design has been inspired 
by the vernacular wind catchers used in Dubai’s buildings, as in Figure 7. Furthermore, the wind tower 

structure in MIST is equipped with high control mechanisms using sensors to operate the opening top 
louvres at the towers end to face the prevailing winds over the day (W. Yassine, K. Elgendy 2011) (M. 
Krautheim et al. 2014).  

Roof ponds and wetted burlap covers (burlap bags and jute bags) are passive techniques used in hot-
arid climates and based on the latent heat of evaporation. A conventional roof pond system consists of 
a shallow water layer covered with a fixed and movable cover as a thermal insulation. Roof pond helps 
to lower the indoor temperature by 20oC in summer. In winter, it works the opposite. The movable 
cover is opened to maximise the thermal heat gain from the sun radiations.  

 

 

Figure 7: Evaporative cooling using wind tower and 
water pond in continental climates. Source: (F. 
Nasrollahi 2009) 

Figure 8: Evaporative cooling by green roofs in the 
continental climates. Source: (F. Nasrollahi 2009) 
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Using tunnel evaporative cooling with active ventilation (fan) has a significant impact on reducing 

indoor temperature by 80% as emphasised in the experimental research of (S. N. Kharrufa, Y. Adilb. 
2012) in hot-arid climatic conditions of Baghdad.  For cases of water scarcity in hot-arid climates, such 
a technique of (Sky-therm or Evapo-Reflective) could be used, which consists of high thermal-mass 
rocks bed sunken in water pond and the roof covered with a reflective aluminium sheet with a duct air 
flow in between. This system reduces the indoor temperature to 8oC lower compared to the 
conventional roofing system, as Figure 8 shows, which also uses the green roof for cooling the outside 
air breeze (Ben Cheikh H, Bouchair A. 2004; Sanjay M, P. Chand. 2008). 

Application in Greenhouses 

Greenhouse cooling is required in hot climates to increase the annual greenhouse yield, and to extend 
the production seasons. The Greenhouse industry in the Mediterranean region has rapidly grown in 

the last decades because of the high quality and quantity production of crops. Traditional systems of 
natural and mechanical ventilation are not sufficient for reaching the cooling requirements of the 
advanced greenhouses. Applying cooling techniques allow the grower to control the greenhouse 
temperature and humidity for producing special crops, or extend longer production seasons. 
Evaporative cooling is applied by using two techniques: a) fogging system, where water is sprayed 

directly in the greenhouse besides applying the natural or mechanical ventilation and, b) evaporative 
cooling system by means of Fan-pad cooling. The fogging system demands higher energy and water 
than the Fan-pad system, this has confirmed in the simulation part of the chapter (III). 

Fan-pad cooling provides high indoor cooling and climate control in the greenhouses and has lower 
energy demand. The system reduces indoor greenhouse temperature but increases relative humidity 
levels in the air. Fan-pad cooling system has higher energy and water demands than the traditional 

greenhouses, but these extra costs are usually compensated by the high quality and crop production of 
the greenhouse as (A. Franco et al. 2011a) and V.P. Sethi, S.K. Sharma. (2007) have mentioned. 
Evaporative systems require high water demands for cooling processes. The temperate-greenhouse 
climate version has higher water and energy consumptions than the tropical greenhouse climate 
(Davies, Knowles 2006) (S. Sablani et al. 2003a) (Mahmoudi et al. 2008) (M. Goosen et al. 2003). 

Most of the water vapour in the greenhouse is released into the atmosphere via an extraction fan. In 
contrary, crops need lower irrigation water as the high humidity level in the greenhouse drops the 
crops evapotranspiration process by 31%. As T. Bartzanas et al. (2006) have demonstrated, the total 
increase of the water demands is only 19% for the pad-fan cooling system. Applications of Fan-pad 
cooling are not limited to greenhouse cooling; it has been used in different types of farm structures 
such as poultry houses, livestock farms, fish farms, workshops halls, and warehouses.  

HUMIDIFICATION AND DEHUMIDIFICATION TECHNIQUES   

In this section, two main applications of humidification and dehumidification system will be illustrated: 
a) HDH system in seawater greenhouses cooling, b) HDH system assisted liquid desiccant. The first 
system will be discussed in detail as it adjusting the research objectives and the case study region. A 
comparison analysis for HDH and seawater greenhouse systems will be analysed later in the Table 1.  
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SEAWATER GREENHOUSES 

A growing interest in seawater greenhouse models in arid and non-arid countries has started as it 
provides a long-term solution for fresh water scarcity and food productions. Seawater greenhouse is a 
food production and water desalination system based on using Humidification and Dehumidification 
(HDH) techniques. Figure 9 shows the seawater greenhouses in Australia (Tabreed 2006; M. Dağtekin 
et al. 2009) (T. Bartzanas et al. 2006). 

The systems provide functions for high water management, conservation, and desalination. The 
investigator company of this technology, called ‘Seawater greenhouse’, has examined numerous 
experimental prototypes in different climatic conditions. Two prototypes examined in arid climates in 
Qatar and Abu Dhabi, and another model built in semi-arid climates in Tenerife and Oman (Seawater 
Greenhouse Limited 2004) (A. Goosen, H. Shayya. 1999).  Seawater HDH system is consisting of two 

evaporative cooling walls (I-II), extraction fan and condensation wall at the end of the greenhouse. The 
thermodynamic principle of a seawater greenhouse system is based on the repetition of water sensible 
and latent heat occurring through a multi-effect humidification process. The ambient hot-dry air is 
passing across the first evaporative wall (I) where hot seawater is trickling on it. This process produces 
a filtered stream of cold-humid air to cool the greenhouse crops. A second evaporator wall (II) is used 
for further humidification to reach a saturation point, and then eventually water vapor condensate on 
the condenser wall, as Figure 10 presents.  

The condenser is a heat exchanger wall where the sensible heat of seawater stimulates condensation 
of water vapor. A high capacity fan behind the condenser provides low air pressure in the greenhouse, 
making the hot-arid outside airflow through the evaporative walls until the extraction fan. The 
greenhouse and evaporative cooling pad dimensions are the main factors affecting the seawater 

greenhouse performance (S. Sablani et. al). Seawater trickling onto the evaporator walls help to trap 
dust, pollen, and insects accompanied by the ambient air before entering the greenhouse. Water 
production is a function of energy consumption for seawater greenhouse systems. Table 1 shows the 
water production efficiency of three experimental greenhouse prototypes.  

Seawater greenhouse system provides advanced integration of energy, food, water production, and 
management, based on the climate adaption, site resources, and environmental control. Coastal regions 
have promising potentials for using the hybrid seawater-greenhouse system because of the abundance 
of seawater onsite and in addition to the high solar radiations, wind forces and utilizing the natural 
topography suitable for applying solar ponds for heat collection.  
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Figure 9: New experimental prototype project using seawater evaporative cooling system in greenhouses in 
Australia. Source: (Seawater Greenhouse Limited 2004) 

 

Figure 10: Seawater greenhouse cooling and desalination system concept. Source: Data retrieved from (Mahmoudi 
et al. 2008). 
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Analysis of Seawater 
Greenhouse Experiments 

Seawater Greenhouse 
UAE Emirates 

Quonset Seawater Greenhouse 
Oman, Muscat 

Seawater Greenhouse Simulating 
Oman, Muscat 

Monitoring days 14 Days 7 Days 365 Day 

Greenhouse Size (w*h*d) 18.00 * 42.00 * 5.5 m 9.00* 20.00 * 4.5 m  ( Bows every 2 m) 200 * 50.00 m * 4.5 m  (Optimal size) 

Area m2 756 m2 180.00 m2 10.000 m2  (1 hectare) 

Project type  Experimental Quonset commercial type Experimental  

Indoor Climate version Temperate n/a Temperate, tropical and oasis model 

Planted (green cover) Crops planted  No Crops Crops planted:  

First Evaporator pad 
(w/h/th.) Material  

12.00  x 2.00 x 0.2m 
Cellulose cells 

6.00 x 1.50 x 0.1 m 
Cellulose cells (45m2/m2) 

2.00m height  
Cellulose cells 

Second Evaporator pad 
(w/h/thickness) Material 

8.00 x 2.00 x 0.2m 

Cellulose cells 
6.00 x 1.50 x 0.1 m 
Cellulose cells 

2.00m height  
Cellulose cells 

Condenser size  (w*h*d) 4.00 x 1.8 x 0.15m (Tube-and-fin) Two (0.9* 0.9*0.05m) Tube-and-fin 4*2.0 *0.15m (Fin space = 0.0025 m( 

Cover Materials  Polyethylene Transparent Acrylic ( baffles of 3 mm) n/a: transparency % was (0.4) 
Seawater Rate  litre/min n/a  0.1 m3/s 

Reservoir (cold water) n/a 3.8 m3 n/a 

Energy Demand kWh/m3 n/a n/a 
1.6 -1.9 kWh/m3  ( Tropical and 
Temperate) 

Water production m3/day 0 - 1.46 ( l/min)  = 2 m3/d Not applied 125.50 m3/day ( Tropical and Temperate) 

Solar Radiation Avg. 197-849 W/m2 483 W/m2  483 W/m2  

Orientation & wind speed - 30 o North-East (2.7 m/s) annual average 30o North-East (2.7 m/s) annual average. 

Ambient Temperature 
(Lower- peak temperature 

20.6 - 24.7oC   (wet bulb) 24-39oC  12.7-45.5oC 

Greenhouse indoor 
temperature (Low- peak) 

24-30oC 22-35oC 
(11.6 -35) temperate version 
(0.8 -38.1) tropical version 

Fan ventilation rate m3/s 8.00 - 11.3 m3/s 3.00 - 4.5 m3/s n/a 

Air flow m3/s 15 m3/s 1.25 m3/d 0.1 m3/s 

Optimal Ventilation for Water production 
for Cooling 

= 5  m3/s 
= 10-20 m3/s 

after EVAP I & II 
after condenser  
After end  Fan  

= 1.5 m3/s 
= 2.4-2.9 m3/s 
= 3.0-4.5 m3/s 

Air change= 0.15 (fraction)/min 

Table 1: Comparison of three experimental seawater greenhouse prototypes. Source: (P.A. Davies, C. Paton 2005) (J.S. Perret et al. 2005) (M. Goosen et al. 2003). Details in 
Annex 1-2. 
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LIQUID DESICCANT COOLING SYSTEMS (HDH TECHNIQUES) 

The liquid desiccant could be useful for two main application types based on the desiccant material 
properties. A) high performing cooling desiccant for dwellings cooling and air conditioning such as 
lithium chloride, lithium bromide, zinc chloride. B) low performing desiccant properties for 
greenhouse cooling, climate system, and water desalination processes, such as magnesium chloride, 
calcium chloride (Davies, Knowles 2006). In this research, the second liquid desiccant system will be 
highlighted, as it integrates into cooling, food, and water production systems for buildings and 
greenhouses. Unlike conventional conditioning systems, the liquid desiccant technique is a refrigerant-
free technique, where the drying humid air is processed to stimulate cooling from the evaporation 
process. Liquid desiccant cooling in greenhouses is a solar energy driven cooling technique, where low 
electricity demand is needed in comparison to conventional cooling systems. Air dehumidification and 
cooling stage, produces a warm and diluted liquid desiccant. This heat is stored for later use in the 

desiccant regeneration process at night. Most of experimental projects have used Phase Change 
Materials (PCM) or Latent Heat Thermal Energy Storage (LHTES) as heat storage. Desiccant 
regeneration process requires a thermal heat of between 50-100oC. The stored thermal heat or the 
building waste-heat could be then used to execute desiccant regeneration processes (P. Stabat, D. 
Marchio. 2009). Figure 11 illustrates the behaviour of liquid desiccant based on the desiccant moisture 
content, vapour pressure, and operating temperature. Air cooling phase between (A-B) leading to the 
next stage, where desiccant adsorption cycle (diluted desiccant) occurred in low temperature between 
(B-C). Desiccant regeneration process (desorption process; D-A ) is occurred in higher temperature, as 
temperature and evaporation process dehumidify the desiccant. The dry and liquid desiccant solutions 
are treated through an open-cycle while adsorption and desorption cycles in a closed- cycle. 

Liquid Desiccant for Greenhouse and Building Climate Control (Watergy) 

An experimental prototype of Watergy system implemented in summer 2004 for greenhouse unit 
cooling assisted liquid desiccant cycle for cooling and heating supply, water management, and 
production. The greenhouse separated into two parts: the upper side (hot zone) and the lower side 
(colder zone) with a temperature difference of (0-10 K). Watergy HVAC system consists of a trickle 
element (I) installed in the cooling tower centred in the greenhouse, while soiling substrate, plants 
surfaces, and irrigation systems are consisting the second trickle element (II). The watergy system has 
advantages in hot-humid climates with regard to high water efficiency, fresh water production as a by-
product, free-pesticide crops, enriching CO² levels, heating, and cooling of the greenhouse. Mixing of 
irrigation water with brackish/greywater is applied, and almost no additional water source is needed 
(M. Buchholz 2008; M. Buchholz, C. Steffan 2001). During the daytime: the hot-humid air in the 
greenhouse is led through the trickle element (I) in counter flow with the cold-dry desiccant (air 

exchange rates 3ac/h). The air returns to the lower planting zone as a  cold-dry air. The diluted hot 
desiccant is stored in the thermal storage (upper part), it will be used later for regeneration of desiccant 
and greenhouse heating at night time. As in Figure 12, the warm air rises to the upper hot zone via 
vertical cooling tower to release the heat into the atmosphere. Then the cold air returns to the 
greenhouse where the trickle element (II) is replaced. Trickle element (II) cools the air further by 
evaporation occurs by means of irrigation system and plants evapotranspiration (S. L. Speetjens 2008). 
During the night time: the greenhouse air flow in counter with diluted hot desiccant in the trickle 
element (I) placed in the cooling tower, this regenerates the liquid desiccant back through the 
evaporation process. Then the humid air is blown up to the upper zone, where it condensates on the 
greenhouse surface by means of night-sky cooling. The warm dry air is returned back to the greenhouse 
lower part for heating at night.  
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Figure 11: Liquid desiccant Vapour pressure evolution with operating temperature. Source: (P. Stabat, D. Marchio. 
2009) 

 

Figure 12: Watergy operation in summer, heat pump unit used to balance the desiccant temperatures. Source:(M. 
Buchholz, C. Steffan 2001) 

 

Figure 13: Air circulation through the trickle elements for heating and cooling at night. Source: Watergy project, 
gte Technische Universität Berlin (2004). 
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Watergy HVAC system has developed for building-greenhouse prototypes, the system got complex, 

shown in Figure 13. As the building indoor climate requires certain heating and cooling setpoint in 
summer and winter. A heat pump is added to the HVAC system to balance the desiccant temperature 
in the trickle element (I-II) and the temperature of the supply air. A solar collector and extra heat 
exchanger are added to enhance heating loads (M. Buchholz et al. 2007). A comparison between 
Watergy and seawater greenhouses is shown in Table 2 and Table 3. 

Liquid Desiccant in Comparison with Other Cooling Systems 

P.A David et al. have investigated the feasibility of using seawater bitterns as a source of liquid desiccant 

in the cooling system. They have examined the cooling efficiency of liquid desiccant in three different 
Equilibrium Relative Humidity (ERH) ranges of (30, 50, and 70) in various climate regions such as 
Tunis- Jeddah- Mumbai- Abu Dhabi. The results compared with the conventional direct and indirect 
evaporative cooling systems. The psychrometric chart results of humid air from the three cooling 

systems show that the cooling efficiency of liquid desiccant is greater than the conventional systems. 
This is notable when the ERH of the liquid desiccant is not more than 50%. The cooling results (from 
June-August) were: 22.5o C in Abu-Dhabi and 18 degrees in Tunisia climate (Davies, Knowles 2006)(G. 
Lychnos et al. 2010). System reliability is necessary for HVAC systems. Corrosion is one of the main 

issues facing liquid desiccant applications. For conventional greenhouse construction (Polytunnel) it 
costs 15 USD/m2, this cost reaches ten times more in the sophisticated greenhouses in northern 
climates because of additional heat being required for winter. Using liquid desiccant systems for 
commercial greenhouse prototype is considered an inefficient technique, regarding the enormous 
amount of liquid desiccant needs per m3 greenhouse and energy demand in comparison with other 
cooling systems. Thermoplastic (ABS-PVC) and alloys metals materials (stainless steel) should be used 
to avoid the negative effects of liquid desiccant to metals parts in the HVAC components (P. Schweitzer 

2003) (Davies, Knowles 2006). 

SEAWATER DESALINATION FOR LIQUID DESICCANT PRODUCTION 

Seawater plays a significant role as a sustainable source of liquid desiccant, sensible heat, fresh water, 
salt gradient solar pond, and a medium for humidification and dehumidification air conditioning 

process. Nevertheless, numerous by-products from seawater desalination process such as; aquaculture, 
recovery of minerals for fertilizers, and de-ice slat (M. Ahmed et al. 2001). High hygroscopic properties 
and lower ERH required for using liquid desiccant in cooling systems. Almost all seawater salts 
(magnesium chloride, sodium chloride) have a good ERH percentage.  Magnesium chloride has the most 
efficient with a maximum of 50% ERH which is a function of mass concentration solution up to 
saturation (0,31 CaCl₂). Sodium chloride has a minimum of 75% ERH, which is not efficient for liquid 
desiccant; it is used efficiently in salt gradient solar ponds for collecting and storing heat. For ideal 

desiccant materials, ERH should be theoretically 0% but is normally 50% in applications. Nevertheless, 
other factors are affecting desiccant salt efficiency such as: thermal conductivity, diffusivity of water 
through salt solutions, low heat capacity, and differential heat of absorption process. The evaporation 
of seawater produces two types of desiccant materials useful for cogeneration of electricity and water 
desalination. A) Precipitated (Brine); which is the sodium chloride used for salt gradient solar pond, B) 
Supernatant (Bitterns) which is a concentrated solution of hygroscopic salts (magnesium chloride, 
sulfate calcium, sodium). The advantages of liquid desiccant especially magnesium chloride for 
seawater bitterns as it is inexpensive materials has low toxicity, and less critical hygroscopic. One to 
two liters of liquid desiccant is required for 1m2 of greenhouse floor area. It is important to mention 
that, 1m3 magnesium chloride could be produced from the concentration of 80m3 seawater, but 400m3 
seawater are needed to concentrate 1m3 of calcium chloride as (Davies, Knowles 2006) (M. Ahmed et 
al. 2001) have argued. 
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HDH IN WATER DESALINATION SYSTEMS 

Water desalination systems have different technologies and efficiency for water production. The 
desalination systems could be classified into two main types: A) Desalination without phase change, 
such as Reverse Osmosis (RO) and Forward Osmosis (FO), B) desalination with a phase change, such 
as: Multi-Effect Distillation (MED), solar still (ST), humidification-dehumidification (HDH), and 
Passive Vacuum Desalination (PVD) (Chennan L. et al. 2013). ST is a simple and direct still-technique 
driven solar thermal energy and the greenhouse effect. The system has relatively low production 
efficiency (approx. 3-4 l/m3 per day), affected by numerous factors such as brine depth, climate 
condition, system materials and cover tilt and thermal insulation (S. Kalogirou 1997). Researchers have 
explored different systems to enhance the productivity and efficiency of the solar-still systems, by 
modifying the system such as using; solar still with heat storage and hybrid solar still assisted PV 

systems.  

In this part, HDH applications driven solar energy will be discussed, HDH is considered the most 
suitable desalination techniques for hot-arid climates (P. Kumar et al. 2015). HDH technique is 
competitive with reverse Osmosis system (RO) for small-scale water production of (5-100 m3/d). 
Therefore, most of the scientists in this field are focusing on enhancing the system efficiency by 
studying temperature optimization and free-corrosion system (J. Orfia et al. 2007; H. Müller-Holst et 
al. 1998). The main principle of HDH system is that (1 kg) of dry air could be saturated with 0.5 kg of 
vapour (670 kcal) when air temperature increases about 50oC (from 30o to 80oC). Thus, water vapour 
is extracted when it flow in counter with a dry air streem. The moisture content of the air condenses 
on a cold surface (condenser) as freshwater (Chennan L. et al. 2013; K. Bourouni et al. 2001). There 
are two HDH techniques are available; Closed-Water Open-Air cycle (CWOA), and Closed-Air Open-

Water cycle (CAOW), the last is more efficient as S. Hou 2008 and Sa. Parekha et al. 2004 have 
mentioned. 

CLOSED-AIR OPEN-WATER CYCLE (CAOW) 

CAOW system is a simple desalination application consisting of a humidifier (a) condenser (b) units. 

Seawater is heated in the condenser coil and solar collector to trickle in counter flow with dry-air in 
the humidifier unit (a). Air is saturated with water vapour, then it circulates through the condenser 
unit (b). Seawater-sensible-heat is used to condense the freshwater on the condenser coil. This process 
is repeated to produce fresh water during daytime. CAOW system could be used for small capacity 
applications in remote areas. Airflow rate and saline water temperature in the humidifier part are 
affecting the system productivity. [The Bavarian center of applied energy research et. Al (2004), tested 
in the Canary Islands in Spain, a CAOW system. They integrated the condenser and humidifier in one 

unit; to increase the system recovery efficiency to 70% of vapour heat. The system had a solar collector 
area of (11.8 L/m2/d) and produced 100 liters/d per 8.2m2 (Farid et al. 2004). H. Müller-Holst et al. 
(1998) used in the evaporation part a vertical polypropylene-tensioned tissues, where hot saline water 
in was sprayed on. It induces evaporation process and draws the brine to temperature of 45oC while 
pumping cold seawater through polypropylene double-plate heat exchanger in counter with hot vapour 
as a condenser, Figure 14. A promising pilot application has applied using the same concept in 
Fuerteventura Island, having average heat recovery of 3-4.5 Gain output Ratio (GOR). The system 
stayed for seven years without maintenance and heat storage (H. Müller-Holst et al. 1998). This system 
examined in the laboratory and by a pilot project in Tunisia (Safax 1997), it improved that eight GOR 
could be applied to produce 40 liters/h/m2

. In addition to the possibility to produce 1000 liter/day using 
38 m2 solar collector area average of 26 liters/m2, and 2m3 thermal storage tank for night water 
production (N. Nawayseh et al. 1999; S. Al-Hallaj et al. 1998).
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Figure 14: Open-water closed air cycle prototype examined in the laboratory in Tunisia. Source: 
(Sa. Parekha et al. 2004) from (H. Müller-Holst et al. 1998)
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Watergy: Systems Analysis for North-Africa Climate Conditions 

Criteria Positive Points Negative Points 

Greenhouse type  Closed system: high water management and pesticide free system, Overheating normally occurred in closed Greenhouse system, 

Greenhouse cover 
Air-tight structure and emitting of overheat temperature to the environment 
works as a condensation surface (heat exchanger) 

Two layers zoning are affecting negatively transmitting of daylight 
radiations (PAR: 400–700 nm) 

Building Connected  High integration of water, energy and food cycle 
High insulation quality is required to limit heat transfer between 
the greenhouse and building  

Building Envelop Suitable for low thermal mass building construction  Requires a closed air circulation 

Building Cooling Closed air cycle and humidity are highly achieved Limited efficiency cooling for building  

Building Heating Sufficient for  securing building heating loads  Not sufficient in harsh winter climates 

Food production Suitable for horticulture and urban agriculture contexts in cold climates  Particular HVAC system is required to be installed 

Water production 
Water harvesting is a by-product based on the temperature difference 
between the indoor and outside climates, 

Limited fresh water production, 

Energy production Efficient for air heating and dehumidification Limited efficiency for space cooling, 

HVAC System HDH-Liquid desiccant  
Not sufficient for cooling in Hot-arid climates with ambient 
temperatures as in north-Africa and MENA region 

Liquid Desiccant Suitable for humidification and dehumidification processes Expensive system requires specific salt solutions & storage tanks 

H. Transfer  Medium Air-water heat exchanger and air supply stream in spaces Limited efficiency  

Cooling Sources Passive cooling from evaporation cooling process & Night-Sky cooling Limited cooling sources 

Heat Collection High heat collection capacity from the greenhouse(closed system), Overheating risks in summer 

Ventilation & Air 
Circulation system 

Controlled air circulation and waste heat recovery, Numerous fans, pumps, and air ducts are needed, 

CO2 recovery High CO2 recovery through the house’s exhaust air to the greenhouse - 

Active systems A low-tech active system System requires many storage tanks, fans, and pumping system. 

Storage   Tanks needed for water and liquid desiccant. design of a heat storage with built-in heat exchange unit required 

Complexity& 
Maintenance 

Moderate complexity and components are available, Schedule maintenance and supplies are needed 

Auxiliary Systems  Auxiliary Heat pump and heater systems are required Increases the system costs and complexity 

Table 2: Analysis of the WATERGY model: system components, HVAC design, cooling and heating efficiency. Source: Data retrieved from (C. 
Steffan et al. 2013; M. Buchholz et al. 2007; M. Buchholz, C. Steffan 2001) (S. L. Speetjens 2008). 
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SEAWATER Greenhouses: Systems Analysis for North-Africa Climate Conditions 

Criteria Positive Points Negative Points 

Greenhouse type  Semi-closed system to avoid overheating problems Loses in water vapor at the daytime cooling operation  

Greenhouse Cover Air-tight envelop and emitting of overheat temperature to the environment Greenhouse cover should have a good air-tightness value 

Building Connected  No building should be attached - 

Building Envelop Suitable for low thermal mass building construction  Requires closed air circulation 

Building Cooling Closed air cycle and air exhaust vents should apply Limited efficiency building cooling 

Building Heating Sufficient for securing building heating from the greenhouse - 

Food Production 
Suitable for horticulture, urban agriculture and commercial greenhouse in 
coastal and desert areas The source of seawater or brackish water is required 

Water Production Water harvesting is main product from the system operation Limited fresh water production 

Energy Production High-performance heating and cooling for greenhouse and building Indoor humidity level has to be controlled 

HVAC System HDH technique using evaporative cooling system - 

Seawater Seawater/ brackish water are used for HVAC system operation  - 

H. Transfer  Medium Wet-coil heat exchanger and air supply stream Limited efficiency  

Cooling Sources Passively: evaporative cooling, ground seawater, and night-sky cooling, Limited efficiency  

Heat Collection High heat collection capacity (using solar collectors is applicable) Overheating risks in summer 

Ventilation & Air 
Circulation system 

Controlled air circulation and waste heat recovery applied  - 

CO2 Recovery Building exhaust air is disposal to the greenhouse Limited CO2 resources 

Active Systems low-tech, active system and available supplies in the market  

Storage  Solar pond could be applied Water storage tank (simple and underground central storage) 

Complexity& 
Maintenance 

Moderate complexity and components are available, Schedule maintenance and supplies are needed 

Auxiliary Systems  NO auxiliary system needed - 

Table 3: Analysis of the seawater greenhouse components and HVAC system efficiency. Source: Data retrieved from (P.A. Davies, C. Paton 2005; S. 
Sablani et al. 2003a; H. Müller-Holst et al. 1998; Mahmoudi et al. 2008; G. Lychnos et al. 2010) 
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CASE STUDY HURGHADA HINTERLANDS 

he Red-sea governorate has a total population of 337,051 inhabitants estimated in 2014 in addition 
to some Bedouin, the population growth expected to reach 425,911 citizens in 2017. Population 

growth rate is 2.09%, which is low in comparison to the growth rate of Nile-Delta region. The 
governorate has an area of 203,685 km²; the region has a distinguished topographical characteristic 
including plains and highlands (SIC 2014). Figure 15 shows Egypt’s diverse climate regions. The climate 
conditions in the Red-Sea differ between hot dry in the flat plains and cold and rainy elevated structural 
plateau located on the western side. The cities of Hurghada and El-Gouna are situated in the flat plains, 
where hot-dry climate and very low rainfall rates are the main characteristics (Rayan M., Djebedjian 
B. 2003). The region has almost no agricultural activities because of water scarcity, limited well spots, 
little precipitation and high salinity of the soil. Thus, tourism and industrial activities are the current 

development potentials for the investors and the governmental plans (M. Rayan et al. 2001). I. Shafiqu, 
L. Susskind. (2012) have stressed on the possibilities of coupling renewable energy and desalination 
systems in remote areas in Egypt, where a shortage of water and electricity infrastructure exists. They 
argue that the competitive cost of these systems is going to be lower in comparison to the rising cost 
and scarcity of fossil fuels.  

WATER RESOURCES 

The region has only three water suppliers: a) the ground water, b) transported water from the Nile 
Valley, c) and desalinated water as in most of the tourism areas. The region has 87 wells having low 

salinity springs; the high dense numbers of wells is located in the northern and middle parts of Red-
Sea strip and mostly are close to the western side of the coastal strip inside the plateau as in Figure 16. 

Transported Nile Water 

The State has extended two water pipelines between 1967 and 1997 to the northern part Red Sea area. 
The first pipeline, Qena-Safaga, has a length of 180 Km and was accomplished in 1967. It has three 
parallel lines with a total capacity of 17.000 m3/d, which is supported by 13 pumping stations. The 
pipeline is serving three cities: Hurghada (7000m3/d), Safaga (5000 m3/d) and El-Quseir (5000m3/d). 

The second pipeline called ‘Koraimat’, accomplished in 1997, has a capacity of 28.000 m3/d supported 
by seven pumping stations. The pipeline is covering the northern cities of Zaafarana (5500 m3/d), Ras-
Ghareb (5000m3/d) and Hurghada (17.500m3/d). The construction costs of the second pipelines were 
194 million US-dollars. The costs for the installation, running, and maintenance is 1 USD/m3 
depreciating over 15 years (equivalent to 7.00 EGP/m3) (M. Rayan et al. 2003) (A. Hafez, S. 
ElManharawy. 2002).  

Desalinated Water 

Water desalination stations were part of the state strategic plans to cover the governorate’s water 
demand until 2017. The aim is to minimise the dependency on the Nile River to achieve water resource 
security in this region. Since the economics of the desalination system in this area is as high as the cost 
of a unit of water, several governmental-owned and private-sector-owned units have implemented 
them in the last decade with a total capacity of 34.750 m3/d. Two main types of desalination stations 
are used; Reverse Osmosis technology (RO) with a capacity of 225.250 m3/d, and water Vapour 
Compressor technology (VC) with a capacity of 4500 m3/d. Electricity or diesel which are used to 
process water desalination stations considers a high energy consumption technology. Most of the 
desalination plants are placed in the south part of the Red Sea region (N. Yakoub 1997) (M. Rayan et 
al. 2001). 

T 
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Figure 15: Egypt climate zones, Red-Sea coast has a hot-arid climate. Source: (Rayan M., Djebedjian B. 2003). 

  

Figure 16: (left) Water wells and freshwater pipelines in Red Sea region, (right) El-Gouna city, and the case 
study site of the research. Source:  Map data © 2013 Microsoft , Open Street Map 2015 (M. Rayan et al. 

2003). 
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WATER USES 

Although the agriculture sector in the Red Sea is minimal, there still exists stress on water resources 
by the domestic, tourism, and urban landscape. The following are the main water uses in the Red Sea 
region:  

Agriculture Sector: As the soil salinity is high and water resources are very limited, the agriculture 
activities are applied only on 8192 hectares. Irrigation water depends on precipitation and water wells, 
the reason that makes the expansion plans of agriculture sector very limited in this region (Rayan M., 
Djebedjian B. 2000) (M. Zahran, A. Willis. 2009). However, the expanding of the urban and tourism 
development in the region creates stress on the food and water resources, especially since most of the 
food imported from the Nile valley. Applying green landscape for the urban areas in the cities and 
tourist resorts increase the problem of water use. (V. Katsoni. 2015). This research application is 

discussing this issue through the use of building greenhouse models, as urban agriculture could 
integrate efficiently to the urban and tourism development without adding environmental stress in the 
region. More details will be discussed in the chapter (V).  

Domestic Use: in the Red Sea governorate is divided into two main parts: the northern part, as the 
Nile water pipelines capacity of 45,000m3/d is covering the inhabitant’s demand until 2017. The 
southern part (starting from the south of El-Quseir), water desalination is the primary source covering 
the domestic uses of this part, as no access to Nile water access is available (M. Rayan et al. 2001). 

Tourism Sector: The private-owned desalination units are covering the tourism development and 
activities in the governorate. It is covering the water consumption of (500 liters/ day per bed). The 
increase in tourism activities in Hurghada including the city of El-Gouna is prospected to reach 130,000 

rooms and water demand will increase to 65,000 m3/d in 2017. Therefore, a water shortage of 30,250 
m3/d will occur as water desalination stations have only a total capacity of 34,750 m3/d until 2017, as 
mentioned before by M. Rayan et al. (2003).  

Recreational: Recreational areas including golf courses and green spaces are the main recreational 
sector of tourism development in the governorate. The irrigation system is based on the treated sewage 
water of the tourist resorts to irrigate the gardens and golf courses. 

FIELD STUDY IN RED-SEA COAST, EL-GOUNA  

The following is a report on a field research trip carried out in December 2013 in the Red Sea region, 
the trip covered the cities Hurghada and El-Gouna (36.9 million m2) as well as the surrounding area. 

The Red Sea governorate has a very narrow strip coast, and almost all of the towns in the governorate 
are located nearby. The fractured water aquifers with low water salinity are situated between the high 
plateaus far from the coast. The current Nile water pipelines cover only the domestic sector of the cities 
like Hurghada while El-Gouna, as a touristic region, has its desalination plants. According to the study 
results of (M. Rayan et al. 2003), the region will suffer from water scarcity in 2017 if only the growth 
rate of the tourism sector remains on 13%. This growth will double water supply requirements to 
65.000 m3/d in 2017 and eleven-fold on the coastal areas based on the studies of  (M. Rayan et al. 2003), 
(R. Kay, J. Alder. 2005), and (M. Zahran, A. Willis. 2009). Water desalination is the only option for 
water supply availability in the region. Which means additional use for fossil fuels and high technology 
for the desalination processes are needed. After the field study in the area of Hurghada and El-Gouna, 
the following remarks have been observed and reported; 
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Water Sector 

The City El-Gouna does not have a freshwater access from Nile river. Water supply there depends on 
the groundwater wells located in the hinterland at the west or beside the mountains, where rainwater 
storages are located.  Water generated from wells is brackish and has a salinity of 8-11mS/cm and TDS 
6-8 g/l, this is lower than seawater which has 52-60mS/cm and TDS 31-41g/l. Groundwater is treated 
by two desalination stations located in the industrial zone of the city of El-Gouna. Water demand in the 
city is related to the tourist seasons, occupancy rates in the hotels, and weather conditions. Brine water 
from the desalination stations is reused for fish farming in shallow lacks in El-Gouna (S. Sadek 2010,). 

Nevertheless, there is recently a new Golf course been under construction, which shortly will increase 
the water demand rates of the city. The following system specifications and information are reported 
through the field study in December 2013:  

-  El-Gouna city is using about 21 saline water wells (depth of 18-30m) located in the city. In addition 
to 10 brackish water wells (depth of 68-107m) located close to the high western plateau. The 
underground water pumped in diesel pump stations to the RO desalination units. RO desalination 
station has 15 units of capacity up to 9500 m3/d. Water salinity of 52-60mS/cm is reduced to 0.5-

1.0 mS/cm of drinking water.  

- The desalinated water production is 9500 m3/d (0.5-1.0 mS/cm, TDS 0.3-0.7g/l) used in limited 
domestic activities. The wastewater of El-Gouna (black and greywater) are treated and used for 
landscape and Golf course irrigation systems. In summer, water demands for recreational sector 
reached 4,780 m3/d in August, 

- The cost of drinking water is 7.5 EGP= 0.86€/m3 while treated wastewater costs 3EGP=0.35€/m3 
(N. Tzoupanos Feb. 2015).  

Water Pumping System 

Numerous groundwater wells are installed close to the mountainside, where rainwater storage is 
located, the groundwater has a low salinity range from 9000 to 4000 ppm. As shown in Figure 17 wind 

water pumping systems were used at the beginning of the El-Gouna construction in 1990. After a 
certain time, almost all of the wind pumping systems have replaced with electrical vertical pumping 
systems as shown in Figure 18. All wind pumping units stopped working because of the low pumping 
capacity especially after the completion of El-Gouna urban fabric. Recently, all the vertical pumping 
units are using grid electricity. Therefore, the system is supported by a drop-off station engine with a 
capacity of 300 mega-W, used when a shortage of the grid electricity occurs, to keep only the water 
pumping system in charge (N. Tzoupanos Feb. 2015). 

Domestic Water Heating Collectors 

The city of El-Gouna is distinguished by its decentralized domestic water heating system. Most of the 
buildings have solar domestic water heating collectors installed on the rooftop, shown in Figure 19. 
Solar collectors ranged in size related to the building type, whether residential or hotel buildings. For 
example, the student dormitory of TU-Campus El-Gouna, numerous solar water-heating collectors are 
installed for the student’s daily needs for hot water. One of the problems observed is that dust winds 
in the Red Sea region. Dust cover is build up on the solar collector’s surface. It affects the heating 
efficiency of the solar collectors, therefore, scheduled cleaning and maintenance plans are required. 
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Recycling and Agriculture Field  

El-Gouna has a particular policy, starting from the self-governance as a private sector and extending 
to the resource management such as semi-closed water cycle and recycling processes, livestock farms, 
small industry, small agriculture field, and experimental production fields for different crops. 
Therefore, a specified industrial and recycling field, located six km from the city, was built in the 
hinterland area close to the western plateau. A semi-closed recycling system which is covering a 
different kind of material as for plastic, water, metals, glass and food, they are reused in this field. 
Waste materials of El-Gouna are recycled into different production types; for example, El-Gouna 

succeeded to re-producing the plastic wastes and converted it as floor tiles for the outdoor pedestrian 
landscape. Glass and bottles are reused again and/or reproduced in other forms. Additional small 
supplementary industries are utilising the recycled wastes. Livestock farms are located in the El-Gouna 
recycling field as all waste food from hotels is sorted and used for feeding livestock farms. Many poultry 

and livestock farms are implemented, and the production is ahead in the market. The brine wastewater 
from the desalination stations is reused into fish farming shallow lacks in the urban landscape. Farmers 
of El-Gouna have mentioned the difficulties for the normal agricultural activities, because of the high 
salinity and porosity of Red Sea soil. Thus, through the field visit, drought plants are observed in 
agricultural zone because of the scarcity of water and high salinity of the land. However, the 

researchers of El-Gouna have an experimental planting of numerous trees species such as olive trees, 
palm trees, ‘Simmondsia Chinensis’ and called locally as ‘Jojoba in addition to another kind of plants. 
Planting of palm and Jojoba trees has demonstrated real potentials in El-Gouna climate and soil while 
olive trees have poor production efficiency.  

The desert plant Jojoba as (shown in Figure 20) is promising for open agriculture fields, it has a high 
resistance to the harsh climatic conditions (-5oC to 50oC) shortage in water, and high salinity of the 

soil. The Jojoba is commercially planted for oil wax ester and biofuel production extracted from the 
seeds. In other examples, Jojoba has been used for preventing desertification in the Thar Desert in India. 

Urban and Architectural Characteristics  

Although El-Gouna is a new and modern city and resort area built in the 1990s, the architecture of the 
town has the vernacular architecture of Nubian region in Upper Egypt. Most of the building 
constructions were using the vernacular construction techniques, especially the small residential 
houses, villas, and in hotel apartments, as shown in Figure 21. An organic landscape design including 
internal water canals, beaches and lagoons and marinas. The city has a rich landscape, recreational 
and green covers including two international golf courses. As mentioned before, most of the 
recreational areas are irrigated by the treated gray water of the resort. 

Building Construction Systems and Materials 

El-Gouna architecture is distinguished by the vaults and dome roofs, mud or burned bricks used in the 
construction of most of the buildings. Most of the buildings in El-Gouna have been built using the local 
material resources such as stones and mud bricks, reinforced concrete is used only for foundations and 
floors. Domes and Vaults designs are following the design ratios documented by the architect ‘Hassan 
Fathey’ as in Figure 22. The thicknesses of walls were a minimum of 0.25m, and thermal insulation 
also used for most of hotel buildings and villas. Although the architects of El-Gouna used the vernacular 
architecture into a luxury touristic context, El-Gouna still provides a successful example of using the 
local materials, low-cost construction, and iconic architecture. The new dwelling prototype of the 
current research is following the architecture design and construction techniques applied in El-Gouna, 
based on Hassan Fathy architecture design principles.  
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Figure 17:  The old wind turbine system for water 
pumping. Source: Research field study, Dec. 2013. 

Figure 18: Vertical mechanical pumping replaced the 
wind pumping. Source: Research field study, Dec. 2013. 

  

Figure 19: Dust problem on the domestic water-
heating collectors installed on the house's roof in El-
Gouna. Source: The research field study, Dec. 2013. 

Figure 20: Agriculture field of El-Gouna hinterland. 
Adaptation of ‘Simmondsia’ plants to the harsh 
conditions. Source: The research field study, Dec. 2013. 

  

Figure 21: El-Gouna urban context. Source: (R. EL 
Dahan January 2014), 

Figure 22: The local buildings construction methods in 
El-Gouna. Source: (R. EL Dahan January 2014). 
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Applications and Studies in El-Gouna  

The following is discussing two project examples, applied for the El-Gouna area. First, a scientific 
research project discussing the use of PV cooling system for residential buildings and secondly a 
commercial project for water desalination technology is using low-heat thermal energy.  

PV Cooling Systems for Residential Building 

Nytsch-Geusen et al. (2013), have an empirical study to examine the ability to use an autonomous PV 
cooling system for an apartment building in El-Gouna. The system is using PV panels connected to 
cooling chilled and cold-water storage to cool a building on hot summer days in El-Gouna. The team 

used the simulations software: Modelica energy plant model and EnergyPlus thermal simulation model. 
In the simulation, a multi-zone building of five thermal zones, shading parameters, and neighbourhood 
boundary conditions are simulated. The software GenOpt is also integrated into the simulation design 

to reduce the system cost-function. They demonstrated the ability to use an autonomous PV cooling 
system for two families with six inhabitants live in a two-story residential building (net area of 78 m2). 
Each family uses 83 PV modules with an area of 135 m2 on the rooftop. The cooling system consists a 
battery capacity of 40 kWh, cooling chiller of 1.0 kW, and cold water storage of 6.1m3 (C. Nytsch-Geusen 

et al. 2013). The optimisation results have recommended using a greater amount of cold-water storage 
instead of increasing the battery storage to cover the high cooling loads of El-Gouna. The proposed 
system design and components are considered very expensive in comparison to the conventional 
system used in Egypt. In addition to the cost of the operation and maintenance which is needed. 

Water Desalination  

Low-Temperature Desalination LTD system is a new technology system developed by the company 

Water solution AG as shown in Figure 23. The new desalination system has improved the ability to use 
waste heat energy (minimum 50-110oC) from the energy power plants for processing the LTD 
desalination system. They demonstrated that the plant has a high-energy efficiency of 0.8-1.5 kWh. 
The system conversion rate is 1.5m3 of seawater to 1m3 of fresh water, which is higher in effectiveness 
in comparison to RO system; requires 2.5-3m3 of seawater to produce 1m3 of fresh water (E. Mansfeldt 
2012). 

Why the Red Sea Region, and the City of El-Gouna? 

- The rapid growth of population and tourism sector in the red-Sea increased the stress on the food 
and water market, made using protected agriculture in greenhouses reasonable, and cost efficient 
to meet the demands.  

- As in Figure 24, hot-dry climate conditions, natural wind forces, and renewable solar energy increase 
the potentials of applying decentralised communities in remote areas in the Red Sea, where the state 
affords no access to water and energy, and minimise the dependence of the region on the resources 
of Nile-Valley.  

- Low-tech Humidification and dehumidification applications made seawater or brackish water as 
potentials −not a barrier− for water, energy, and food production in the Red Sea, and add to the job 
market in the Red Sea. 

- The scarcity of precipitation, water springs, and food resources in the Red Sea region made the 
integrated techniques for water, renewable energy, and food suitable for autarky urban 
development in remote areas.
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Figure 23: 3D Model of illustrates the 
component of LTD’s first full-scale plant in 
El Gouna, Egypt. Source: (E. Mansfeldt 
2012). > 

 

Figure 24: Global radiation, temperature, dew 
point, relative humidity, and wind speed in El-
Gouna. Source: weather station in El-Gouna 
(TU Campus El-Gouna 2016). >  
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HOUSING IN COASTAL REGIONS IN EGYPT  

The Egyptian coastal region has specific nature because of the location and abundance of natural 
resources. On the coastal area of the Mediterranean Sea, for instance, wealthy lakes, fertile agricultural 
land, and other natural forces like the wind and high global radiation for solar energy. The construction 
of the International Coastal Road started since 2005 along the Mediterranean Sea and the Red Sea, it 
is aiming to approach new and numerous developmental activities in the Egyptian coastal zones (SIC 
2014). The projects such as TREC project (Trans-Mediterranean Renewable Energy Cooperation 2003), 
DESERTEC project, and Very Large Scale Photovoltaics VLS-PV, are planned to implement in the 
northern coastal regions of Egypt. Most of it are pilot electricity and renewable energy projects aiming 
to connect North-Africa and European countries by energy grids (K Komoto et al. 2013) (P. Metz - E5 
2003) (Rashed, A. Abolelah, 2009) (El Sudany et al. 2010). The Egyptian administrative hierarchy has 
26 governorates. ‘Local Rural Units (LRUs)’ is considered the smallest administrative unit in the 

Egyptian urban hierarchy. A number of villages and satellites embracing the LRUs, and one of these 
villages functions as a “mother” services centre (UNDP 2005). On the Mediterranean coast strip, most 
of the communities are an LRUs connected to bigger districts in the Delta-Valley. Unlike the case of the 
Red Sea region, where LRUs are located close to the main cities and touristic resorts. Most of LRU, 
villages, and satellite (towns) in Egypt are suffering from shortage of basic infrastructure because of 
the limited funds and care from the state. Thus, most of them have limited access to national electricity 
and water grid (Sheta S. 2010) (GOPP 2012). Numerous urban and environmental challenges are facing 
the rural areas in coastal regions, as reported in the field research study in the next section. In addition 
to that, the rising poverty and illiterate level in LRU are the main obstacles facing sustainability for 
rural communities in Egypt. Absolute poverty is significantly located in rural areas, in Lower-Egypt the 
incidence of poverty levels is lower (16.6 % in rural areas and 9.8 % in urban areas) (UNEC 2005) 
(UNDP 2008).  

Rural Community Projects  

Throughout the last decade, the State strategic plan forward for coastal communities was to establish 
new rural community projects. Most of the projects were set up to provide housing units and land 
reclamations to settle young people in new rural areas on the coast. They are called for example  “Built 
your Home” or “Rural Housing” in  (MHUUC, CIR. 2006). Through the strategic plan of (2007/2012), 
the Central Organization of Building construction−as part of the Ministry of Housing in Egypt− has 
extended the basic infrastructure and service cores for 400 new hinterland villages all over Egypt with 
a budget of 5 Billion L.E for six years. Since the infrastructure and the housing units are constructed, 
the governorates’ authorities start settling the new community based on the preliminary plans to reach 
an urban capacity for each zone. Figure 25 is an example project in the North of the Nile-Delta. The 

project has been implemented three rural communities for young people who are working in the 
agriculture and fishing sectors (GOPP 2006) (MHUUC, CIR. 2006). 

Governmental Housing Model 

Two examples for the governmental rural communities are discussed in this part, Figure 26 is the 
“graduate village” of Sidi-Karam in Lower Egypt, and in Figure 27 is the new hinterland village of 
“Kalabsha” in Upper Egypt. The layout shows the site components, architectural and urban design of 
the community. The community prototype in Lower Egypt is also a case study for a scientific research 
project that the author is part of the research team. The research project titled “Combined techniques of 
Energy, Water, and food production for the development of the Egyptian Hinterlands” sponsored by 
University of Mansoura. Sidi-Karam has also surveyed through another field trip carried out in 
November 2012.  

http://web.archive.org/web/20070218234318/http:/www.trecers.net/concept.html
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The research project aims to develop a new sustainable technique to enhance the efficiency of the 

affordable governmental housing using renewable energy and low technologies. Although Upper Egypt 
has different climate conditions, soil properties, and topography than in the north of Egypt. However, 
the governmental models in Egypt have almost the same design methodology for plan design, 
components, and functions, but just some architectural modifications on components. Some 
differences in the architecture style are applied such as the roof design, plan fragments, and aesthetic 
design of the openings and façade designs. Materials used in both, the Upper and Lower Egypt 
prototypes are in some cases identical in architectural plan design as shown in Figure 28.  

Economic Base 

Agriculture is considered the first economic activity to the rural governmental prototypes. Though, 
residents of the graduates villages, for example, do not own the agricultural land, while most of them 

are workers or tenants. Water Scarcity is the main obstacle facing sustainability of the new rural 
communities in hinterlands normally located in the desert. The small area of cultivated land around 
the villages has high soil salinity and requires reclamation processes. In addition to that, the following 
technical difficulties/problems, and shortage in planning were observed: 

- The salinity of soil is harming the quality of crops and increasing the need for irrigation water to 
compensate the salinity content of plants, 

- Lack of irrigation water in the water canals and the low rates of rainwater perceptions are not 
sufficient to be considered as a secondary source,  

- Lack of advanced agricultural techniques and plans to reduce the use of irrigation water, difficulties 
of cultivating crops that can cope with high saline water.  

As a result of these environmental issues, people suffer from loss of work opportunities both for 
agriculture and other occupations. These issues have led people to leave these communities, as a lack 
of occupancy rate of 20-25% has occurred in the three Graduate Villages, as in Figure 29. 

Urban Planning 

The village consists of a central area with the main services around which residential units cluster. The 
main centre includes a primary school, a health unit, and some incomplete, abandoned administrative 
services. The Basic infrastructure and networks for drinking water and electricity are normally 
available. Sanitation depends on the ground assembly tanks system; however, the size of tanks is not 
sufficient, causing fullness on an on-going basis and the need to empty out faster than usual. Rainwater 
harvesting system is not applied, even when an adequate amount of rainfall in the winter could be 
stored and used in drought seasons. The Increasing level of rainwater causes problems for the septic 

tanks and is affecting the unpaved streets. 

ARCHITECTURAL AND PHYSICAL ANALYSIS 

The residential units are semi-detached; designed to fit young graduates and low-middle class people. 
Structurally made of load bearing walls, each unit consists of only a single floor of about 30-45m2. 
Usually, there is a twin dwelling unit and backyard zones, but two prototypes for the unit design and 
the land plot area as reported in the field study; a) land plot of 262.5m2 including twin dwelling units 
of 70m2, b) a ground plot and 384m2 including twin dwelling units of 90 m2. Prototype A consists of a 
living room, one bedroom, a kitchen, and a bathroom, as in Figure 28. Prototype B has the same 
components, but one extra bedroom is added.  
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The inhabitants of the new governmental community village have demonstrated numerous times 

asking to improve the electricity, sewage, drink, and irrigation water infrastructure. The minister of 
agriculture visited the site several time trying to solve the inhabitant problems of Kalabsha community 
after only one year of settling the inhabitants in houses. 

Architectural Design Problems 

The residential unit does not meet the expectations and architectural needs of the inhabitants, because 
of the limited area and the architectural design. Twin dwelling units allow compacting the sanitation 
facilities and network to save costs of the construction and maintenance. Some inhabitants themselves 

have changed the design adding more rooms or commercial spaces in the backyard zone because the 
architectural design of the prototypes does not meet the requirements the inhabitants have on their 
environment/ work and life space/ traditional rural houses. Additional issues such as: the orientation 

of the living and bedrooms, location of the main entrance, waste spaces in the corridors design, and 
overloading of the septic tanks. Locating the bathroom at the north facing prevailing north wind is one 
of the architectural problems. The original design of the backyard attached to each prototype unit is 
for; small food planting, a workshop, and/or livestock frame. However, as it is observed in most of the 
units, the area is not cultivated, and the inhabitants cannot use it because of the lack of water and food. 

In some cases, the inhabitants have built additional rooms to increase the living area of the house. 
Although most of the rural communities observed have a shortage in water, no recycling for the waste 
food or water was applied in the planning stage.  

Physical Analysis Details  

Residential units completely made of bearing wall system, which is effective for small areas and 

separate floor flats. However, this system provides no potential for vertical expansion, which hardly is 
included in the design of the units. Construction status of the units is deteriorating as a result of their 
inability to cope with rainwater or high humidity, especially that most of the units are left unfinished.  

Walls 

The governmental prototype envelope is a low-weight thermal mass construction. Exterior walls have 
a thickness of 0.25m maximum-burned brick blocks and the interior partition wall of 0.15m thickness, 
including 0.02m concrete plaster on the interior, exterior, and painting layer. As a result, the building 
has low thermal resistance against the daily temperature levels and bad indoor thermal climate 
condition. Thus, high cooling and heating demands are needed to reach the thermal comfort levels for 
the occupants.  

Fenestration 

Two layers wooden window usually used for fenestration in Egypt: an internal layer of glass covered 
with a thin net-screen frame, and a layer of a wooded shading frame with a thickness of 0.05m at the 
external side. Fenestration normally has a single glass layer and has low airtightness factors. The Solar 
Heat Gain Coefficient SHGC of this type of fenestration in the Egyptian Code is 0.75, but those built in 
rural areas normally don’t meet this value. During winter, the inhabitants cover the external side of 
the window with a plastic cover to increase the window’s airtightness, as shown in Figure 29.  

Roof Design 

Flat roof construction is common in Lower-Egypt as it requires low construction costs and normally 
skilled labours; roof areas are used as storage or for replacing small livestock farming.  Vaulted roofs 
commonly utilised in traditional buildings in Upper-Egypt because of the thermal properties lowering 
the external heat gain and self-shading effect.  
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Airtightness 

The construction standards of governmental housing is low as a way of minimising the initial project 
costs. Therefore, in Designbuilder Simulation, a low airtightness factor of 3ac/h is applied. 

Thermal Insulation 

As most of the residential housing in Egypt, governmental housing normally has no thermal insulation 
layers for walls and roofs. One side of the problem related to the cost of the insulation layers, another 
part, is related to the lack of social and institutional awareness of the importance of use thermal 
insulation in Egypt, although it mentioned in the Egyptian building codes.  

Construction Cost 

Decreasing the initial costs in prototypes leads to the use of some construction material that is 

inadequate for the climate and the environmental conditions in coastal areas. There are high airspeeds, 
high humidity levels, and high levels of the salt groundwater in coastal zones. Therefore, corrosion and 
erosion normally occur to the steel structures in reinforced concrete and causes for failure of concrete 
cover as well. 

Ground Floor Materials 

A light concrete layer of 10-15cm is used as a floor construction for in the prototypes after comprising 
the soil layer below it. Thermal and water insulation is not applied, although the risk of it increasing 
in groundwater levels and an inadequate sanitation system could deteriorate the dwelling structure 
and affect the indoor air quality negatively. 

Indoor Air Quality 

Low-quality indoor environment exists in the dwelling prototype, because of the lack of thermal and 
water insulations, low airtightness quality, and low-quality construction materials. In summer, indoor 
air temperature and humidity levels are higher than the ambient climate, and it drops in winter to 
lower than the outside ambient climate.  

Finishing Materials:  

Natural stones are used for the exterior finishing recommended for buildings in coastal regions. 
However, governmental prototypes normally have a concrete plaster as an exterior finishing, which is 
damaged very quickly because of climate conditions, as in Figure 29.  

Air Conditioning 

In such affordable houses, dwellers use ventilation fans for cooling the spaces in summer days. In 
coastal regions, natural ventilation is an essential passive cooling technique. Cold wind breezes from 
the seaside help cooling the spaces during the day and night time. In winter, no particular space heating 
technique is used unless when wearing adequate winter clothing. They increased the air tightness of 
fenestration by applying plastic covers on the external sides of windows. Using Air a conditioning unit 
is applicable when dwellers want to cover the installation and operation expenses. 

More pictures and details for the field study in El-Burullus and El-Gouna are attached in the 
Annexes (1-2). 
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Figure 25: Three new governmental prototype communities in ‘El-Burrullus’. Source: Map data © 2015 Microsoft, 
Markaz-Sidi-Salim, Egypt; 31.4649164, 30.6658116. 

  

Figure 26: Rural community prototype in hot-arid 
climates. Source: Map data © 2015 Microsoft, Kalabsha, 
Upper Egypt. 

Figure 27: The rural community (Nr.3). Source: Map 
data © 2015 Microsoft, Markaz-Sidi-Salim,Egypt. 

  

Figure 28: GDp in the northern coastal zones in 
Egypt. Source: Researcher and ESU-lab research 
project, field study work November 2011. 

Figure 29: El Burullus dwelling units as part of 
developing new rural Community. Source: Field Study, 
research Project of ESU-lab, November 2011. 
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BUILDING-GREENHOUSE DESIGN FRAMEWORK 

The concept of the building-greenhouse integrated model has been discussed in some projects, as noted 
at the beginning of Chapter (I). However, Watergy is considered one of the first realisations that 
integrated the greenhouse unit as a core component in residential buildings to achieve an autarky 
energy, water, and food system. The main obstacle facing the system application is that the complexity 
of the system and limitation of the productions when it is applied in hot climate conditions of North 
Africa. Here, this research is a further development of the topic, but using a different design 
methodology and techniques to achieve the same objectives of energy, water, and food productions. 
The nature of North Africa and Egypt specifically imposes a different methodology of ideas and 
applications. The research works that discussed the Egyptian rural poor and its related environmental 
issues are Sheta S. (2010), FAO (2003), and G. Kruseman, W. Vullings. (2007), they have stressed on 

applying the approach Integrated Natural Resources Management INRM, defined by A. Krah, Kwesi 
(2006) as:  

“An approach that integrates research on different types of natural resources, into stakeholder-
driven processes of adaptive management and innovation, to improve livelihoods, 
agroecosystem resilience, and environmental services, at the community, eco-regional, and 
global scales of intervention and impact.”  

  (Sheta S. 2010) cited from (A. Krah, Kwesi 2006)  

Figure 30:  The relation between the rural communities to the natural resources of water, soil, biodiversity, and 

ecosystem. Source:  (A. Krah, Kwesi 2006). 

S. Sheta (2010) argues that using renewable energy and community development and redevelopment 
opportunities in rural communities is a matter of institutional capacity or development experiences, 
which inhabitants do not have. Rural areas in Egypt need an awareness of using local resources such 
as water, energy, people, land, eco-system to start achieving a sustainable development as mentioned 
in INRM diagram in Figure 30. 
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Applying sustainable planning and architectural standards requires using adequate and efficient 

techniques designed and based on an understanding of the natural resources in rural areas (Sheta S. 
2010) (T. Amede et al. 2006). The project prototype is designed for the hot-arid climate in the Red Sea 
region, and hinterlands area of El-Gouna selected as a prototype location because of the site potentials, 
institutional capacities, and the market. The aim is to enhance the urban and architectural context of 
rural communities in Egypt, by applying efficient and adapted techniques that highly consider 
controlling the use of available natural resources. This concept is translated in designing autarky 
residential prototype that satisfy the needs of energy, food, and water production by applying a low-

technological HVAC system in a greenhouse unit. The prototype will empower the users to control their 
needs and reuse of waste considering the local resources and environmental impacts.  

The institutional capacity is necessary for providing the social awareness, education, and training of 
labours when new techniques are applied. Thus, a cohesive correlation should be established between 

the project and; experts of El-Gouna, investors, research capacity in TU-Campus El-Gouna, and El-
Gouna farm (M. AbdelBaki 2012) (M. Elsaid 2007). Research and university capacities have an essential 
role in controlling the quality and operation of project, as in 'Urban Farmers' project presented in 
Chapter (I).  

In relation to the Climate-Smart Agriculture strategies CSA, applying protected agriculture systems 
using greenhouses is a suitable agricultural technique for Red Sea regions. Protected agricultural 
systems increase the opportunity to protect the cultivated crops from the harsh climates. This process 
assures increase in the quality and quantity of the production whilst managing the use of resources. 
High-efficiency water irrigation system and recycling mechanism will be considered in the prototype 
design. In addition to that, high recovery of heat energy and water vapour are integrated into the design 
principles as in Figure 31. The desalination of water is one of the by-products of using the wasted heat 

and water vapour from the dwelling unit and the greenhouse. Semi-closed greenhouse design allows 
efficiency HVAC operations and using passive techniques as much as possible. The benefit of 
integrating the dwelling and the greenhouse cooling loads is one of the hypotheses that is examined in 
details through the simulations in the next chapters. 

The HVAC system design will be carefully designed and operated based on intensive analysis of the 
climate conditions and site potentials. The dwelling and the greenhouse unit is developed after 
understanding well the nature of users’ needs and costs. System operations based on inhabitant’s 
demand priorities and climate conditions are important parametres for such system designs. The 
simplicity of the HVAC design, operation, and availability of the system components are essential 
criteria to determine the sustainability of the system. Recycling of waste energy, water, and food are 
parameters of the system efficiency along the operation lifetime. In this context, the sustainability-
oriented financial mechanism should be achieved, by attracting the involvement of the governmental 

finance oriented experimental research projects, active Non-governmental Organization NGOs, and 
the private sector in cooperation with the stakeholders and management from the governmental 
organizations (UNEC 2005) (S. Sheta 2008). The project will provide a socio-economic factor to urban-
rural communities in hinterlands, where few job opportunities exist. Successful examples will lead to 
adding a socio-economic mechanism to the project model for other rural scalable and industrial 
applications. It will empower the inhabitants to control using the limited natural resources of water 
and energy in an efficient way. Public motivation and challenges are the main factors driving the 
public’s participation in such project ideas. Autarky models increase the independence of communities 
and provide decentralised production and reuse mechanisms for the communities (M. Elsaid 2007). 
The following points present design procedures that will be applied in the building-greenhouse model, 
as considered being the best practice necessary for rural communities’ development in Egypt, Figure 
31. 
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- Waste reuse as a resource, 

- eco-system design for natural resource management in rural-urban design, 

- Enhancing rural-urban quality investing in climate change, 

- Autarky system operation to promote decentralisation of resources. 

Energy Resources 

Small Wind turbine // Solar PV  

solar thermal collector for DHW 

Climate 

Detailed climate analysis / Temperature & relative 
humidity levels / wind speed / solar thermal 

radiation / night-sky-cooling 

Water Resources: 

Seawater // Brackish water 

Rainwater  // greywater 

HVAC System 

- Use of low-tech applications, 

- exploring the best climate  

adaptive HVAC system, 

- optimizing HVAC design and 
operation, 

- optimizing the cost efficiency, 

- simple HVAC system  

- availability of the system 
components. 

 

Building 

-Using the available local 

materials 

- adequate for architecture design 

for inhabitant, 
- high human thermal comfort, 

- the economic  construction 

process, 

- efficient use of materials, 
- flexibility for modification by 

users. 

Energy 

- Grid-connected system, 
- efficient energy use, 

- energy recovery and reuse, 

- energy production, 

- climate adapted  operation 
control, 

- low-tech applications. 

Urban Design 
- adapted to urban design,  
- based on the Egyptian standards 

and code, 

- provide privacy and security, 

- applying urban agriculture  
  procedures, 

- walkable distances and pedestrian 

friendly. 

Water 

- Grid-connected system 

- efficient water use, 

- greywater treatment and 

reuse, 
- water Desalination system, 

- high efficient irrigation 

system, 

- Rainwater storage and reuse. 

Construction 

-Using of the local materials, 

- high thermal mass envelope, 

- low cost and efficient use of 

materials, 
- simple construction methods, 

- social participation in 

construction. 

Greenhouse  

- Hydroponic system or shallow 

soiling layer, 

- commercial greenhouse, 

- indoor climate control, 
- low-cost building materials, 

-  unity and scalable prototype. 

Food Production  

Daily greens for dwellers 
commercial crop production 

Water Production 

Tab water production 
irrigation water production 

Waste Reuse Techniques 

- Recycling of irrigation and 

greywater 

- reused of the waste heat, 

- the house exhaust air, 
- reuse of the waste water 

vapour into the greenhouse. Cost 

Efficient initial cost // low operation costs 

low maintenance costs // low component costs 

Figure 31:  Applying the INRM principles on the governmantal prototype and attaching a greenhouse unit. Source: The 
researcher based on the studies in literature review. 
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DESIGN GUIDELINES  

The following is a study proposal for applying the building-greenhouse prototype model in the original 
governmental urban context. Simulation results will help to develop the design. The Simulation is used 
to examine the following issues; A) developing dwelling unit’s construction material and thermal 
performance. B) enhancing the dwelling architectural design to match adding the greenhouse unit, c) 
study technical aspects of integrating the greenhouse to the prototype model, d) developing a new 
urban context for building-greenhouse prototype model on the case study site. 

DWELLING PRE-DESIGN  

The new prototype development including the greenhouse unit designed on a land plot area of 382m2, 
including twin dwelling units and backyard zone for a multi-tunnel greenhouse unit. The greenhouse 

unit can be extended to be double in size of 358m2. Numerous architectural modifications in plan 
section design have applied to the design of the dwelling unit, to overcome the problems mentioned in 
the field study section. In addition to modifications applied to adjust adding the greenhouse unit to the 
building design. Drawings details and development provided in annexes (2-1). The new design is 
including the following:  

Design Plan 

- Replacing the living room on the north-side in place of the bedroom as the living room is used 
during the daytime and bigger openings could be utilised on the north façade,  

- The main entrance is placed consequently at the north-side open to the living room, it will 

provide more space for the greenhouse unit in the backyard, 

- A semi-open kitchen is designed adjacent to the living room at the northwest and east side to 
maximise the cross-ventilation effect, as in Figure 32, 

- Replacing the service zones (kitchen and bathroom) at the west-east side, it will work as a buffer-
zone to the main rooms from the greenhouse unit, and will provide direct disposal of greywater 
and exhaust air to the greenhouse,  

- Bedroom is modified to provide privacy for inhabitants and easy access to the services rooms, 

- Bedrooms are facing the backyard providing privacy and avoiding noise pollutions from the 
street side 

- A small balcony added to the living room in the north façade, 

- Compact sanitation network between the two dwelling units and the greenhouse house will help 

to minimise the costs of construction and maintenance, 

- Adjusting the dwelling unit and the greenhouse to the north side to face the prevalent cold 
breezes, 

- The bathroom is located on the southern-side to provide direct air and water disposal to the 
greenhouse unit as a technical network for water and air recycling. 

Note: More details for the wall material and construction will be discussed through the simulation 
parameters in next chapter (III). Additional architecture design modifications are modified based on 
the simulation results and HVAC system design, which is discussed in detail in the chapter (III), (IV), 
and (V).  
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Figure 32: Architectural modifications on the governmental prototype plan. Source: The researcher based on 
the field study reports. 
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GREENHOUSE PRE-DESIGN 

As mentioned, each dwelling unit has 61m2 built area and a plot area of 175m2, the backyard free area 
is 152m2, this area could be utilised for numerous economic or horticultural activities. Double land plot 
areas of 382m2 are including twin-dwelling units and a backyard zone for a multi-tunnel greenhouse 
unit. The greenhouse unit design could be in small separate models, or could extend connecting several 
neighbourhood backyards to form a commercial scale greenhouse unit of (179m2) or doubled area to 
358m2, Figure 33 and Figure 34. 
 

Greenhouse Units 

- Optimising the dwelling and greenhouse layout orientation to enhance the cross-ventilation effect, 

- avoiding shadow casting from the adjacent buildings, to maximum direct solar insulation in the 

greenhouse, 

- facing the main façade of the greenhouse to the prevailing wind  to maximise cross-ventilation effect 
and increase the system efficiency and production of water and food, 

- using PVC, Bamboo or wood for the greenhouse structure materials, as metal structures are 
vulnerable to corrosion risk from salt water used in the greenhouse cooling, 

- the exhaust air from the greenhouse should be released into the atmosphere, to avoid affecting the 
natural ventilation air of the adjacent buildings, 

- Examining the shadow ranges and self-shadow effects on the greenhouse unit and the urban design 
in general. 

Urban Context 

Since protected agricultural and horticultural activities provide a socio-economic income to the rural 
communities, the rural-urban should fulfill the following: Figure 33, 

- Urban design of the dwelling units should adjust to the design requirements of commercial 
greenhouses as the evaporative cooling walls should directly face the prevailing wind direction. Cross-
ventilation will also help to release the hot air from the house and the greenhouse to the outlet vents 
in the southern sides, 

- In the south side of the greenhouse, dwelling units should only be o one-story homes in order to avoid 
over-shadowing on the greenhouse roofs, 

- The walls of the adjacent dwelling units used in the greenhouse construction will help to minimise 
the structural elements of the greenhouse; it will also minimise the initial costs of the prototype model,  

- Shadow casting from the greenhouse on the dwelling unit will help lower the heat stress on the 
buildings. 
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Figure 33: Alternative planning design for the greenhouse units in the urban context. Source: The researcher after 
using map data © 2015 Microsoft, Markaz-Sidi-Salim, Lower-Egypt; 31.4649164, 30.6658116. 

 

Figure 34: Example of integrating the greenhouse unit into the urban context. Source: The researcher based the 
design guidelines. 
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TECHNICAL SYSTEM DESIGN  

The technical design of building–greenhouse system is designed to provide cooling for the dwelling 
unit and the greenhouse during the summer using a seawater evaporative cooling system. The cooling 
design methodology of the HVAC system is built on using humidification techniques (direct evaporative 
cooling) while dehumidification (condenser) is an optional unit added when water desalination process 
is required. 

1. System Operation at the Daytime 

- HVAC system operation during daytime for cooling indoor climate for the dwelling unit and the 
greenhouse using evaporative cooling (Evap I), as in Figure 35, 

- In the dwelling unit, indoor temperature should stay 25oC, and relative humidity will remain below 

80% to reach the indoor human thermal comfort,   

- In the greenhouse, indoor temperature will decrease, and relative humidity levels will increase,  

- The major fan at the end of the greenhouse is disposing the heat from the greenhouse to the 
environment (by the main vertical vents),  as in Figure 35, 

- Solar collectors might be used for domestic hot water. 

2. System Operation at the Night Time 

- At night time, the outdoor temperature goes lower than 30oC,  and the fan capacity will consequently 
decrease, 

- Air recirculation of the greenhouse air through the second layer in the greenhouse will be used to 

stimulate freshwater condensation during night time, as the greenhouse cover will be cold to 
condense water on it, 

- A second evaporative cooling unit (Evap II) as in Figure 36, could be applied to increase the water 
condensation, 

- In winter, heat collection in the greenhouse will be used for the dwelling unit heating at night, Figure 
36.
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. 

Figure 35: The architectural design of northern façade including the greenhouse unit.  
Source: The researcher based the design guidelines. 

 

 

 

 

 

 

 

 

 

Figure 36: Abstract design for the building-greenhouse technical design and network. Source: The researcher. 
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SIMULATIONS 

For Building, Greenhouse Unit, and HVAC System 
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BUILDING ENERGY SOFTWARE TOOLS 

uilding simulation software have rapidly developed in the last century. It helps strongly the 
designers to evaluate and to understand their designs using accurate dynamic thermal simulations. 
The International Building Performance Simulation Association (IBPSA-USA) has recommended 

108 programs as Building Energy Software Tools (BEST). Programs such as Ecotect, Revit, EnergyPlus, 
DesignBuilder, Envi-met and TRNSYS are commonly used by architects to analyse the building’s 
architectural design, construction and mechanical elements to fulfil efficient environmental designs 
(IBPSA 2015; S. Attia 2010). The recent research used the following software programs in Figure 37, to 
examine the building, the greenhouse, and the HVAC alternative designs. 

Climate Consultant  

Climate consultant provides analyses for the EnergyPlus Weather format (EPW) of the U.S. Department 
of Energy. Analysed in graphs and tables the local climate, in addition to the passive and active design 
strategies based on ASHRAE-2005 psychrometric chart (R. Liggett, M. Milne 2008). 

Energy Plus 

EnergyPlus dynamic thermal simulation engine is promoted by the American Department of Energy. 
The simulation is not limited to the building heating, cooling, lighting, and ventilation only. Additional 
advantages of EnergyPlus lies in the ability to simulate complex operations of a multi-zone building, 
including the building thermal comfort hours, multi-zone airflow, water uses in the building and HVAC 
system, and modular systems. EnergyPlus is a language software; DesignBuilder software is one of the 
simple user interface for designers to run the EnergyPlus simulations (Farshad Nasrollahi 2009). 

DesignBuilder (DB) 

DesignBuilder helps to present the EnergyPlus simulations results in graphical, tables and text versions. 
In addition to provide 3D modelling and specifications for the building structural components (DBS, a 
Private Limited Company 2016). The advantage of DesignBuilder lies in the comprehensive simulation 
results such as the building indoor climate, site weather, heat transfer through the building fabric, 
surfaces temperatures, airflow in/out of the building, CO2 emission, and energy and water 
consumption (Farshad Nasrollahi 2009). The new DesignBuilder versions provide the possibility to 
model the HVAC systems. DB provide Compact HVAC templates besides enabling the users to design 
their own HVAC systems. Calculations for the building construction and HVAC system costs are 
applicable in DesignBuilder as well (A. Karasu 2010) (DBS, a Private Limited Company 2016). CFD 
Simulations: It is necessary to provide quantitative and qualitative analysis for airflow rates, velocity, 
and temperature in the spaces. Nowadays, Computational Fluid Dynamics simulation (CFD) provide a 

high level of complexity simulations for liquid and gases interaction in the spaces close to the reality 
(Ould Khaoua et al., 2006; Bournet et al., 2007). CFD simulation is used to optimize the cooling design 
in the greenhouses as applied in the researches of Wageningen University (A. Franco et al. 
2011b)(Molina-Aiz et al. 2010)(S. Hemming et al. 2010). In current research, CFD simulations is used 
to optimize the HVAC system design in the BGp.  

TRNSYS 

TRNSYS is a professional modelling and simulation tool for the HVAC systems design. The integrated 
HVAC library (TESS) in TRNSYS program provide over 500 models of energy and building systems 
(TRNSYS17 2015). Since the current research is focusing on the HVAC system design, using TRNSYS 
was necessary to verify the DesignBuilder HVAC simulations. TRNSYS simulations used through 
Hermann-Rietschel-Institute in TU-Berlin.

B 
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Empirical Study Plan and Simulation Stages  

 

Figure 37: Simulation plan and development for the building, the greenhouse unit, and the HVAC Alternatives design. Source: The researcher.
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CLIMATE PARAMETERS & BUILDING DESIGN 

Building-greenhouse prototype (BGp) is an interdisciplinary application, where architectural design, 
building physics, HVAC systems, and greenhouse climate control are integrated. Simulation considered 
the core of the research methodology to examine the building thermal performance and the HVAC 
system designs. It is also necessary to apply stationary simulation stages to avoid the complexity of 
design. 

STRATEGIC PLAN AND SIMULATION OF THE DWELLING UNIT  

In Chapter II, a study analysis is processed for the Governmental Dwelling prototype (GDp). In this 
chapter, the simulation will be used to recognize the thermal weaknesses of the GDp, and to provide a 

new development procedure. The development of the dwelling unit is divided into two parts: a) 
enhancing the building architectural design and thermal performance, b) developing an efficient HVAC 
system design and high indoor human thermal comfort. The developing of the dwelling unit is 
processed through using the design guidelines of the Egyptian Code for Enhancing Efficient Energy 
uses of the Residential Buildings (ECP 306-2005). Besides developing, the HVAC system design based 
on the annual design strategies of ASHRAE Handbook of Fundamental Model 2005 and Psychrometric 
chart. A preliminary simulation using ‘DesignBuilder’ software (DBS, Private Limited Company) is used 
to enhance the walls and roof thermal performance (Figure 37).     Table 4 presenting the developing 
strategic plans for the dwelling unit. Passive and active techniques are integrated into the building 
design to provide later the best integration with the greenhouse unit. Passive and affordable cooling 
techniques are used for the dwelling unit to achieve efficient and economical building and HVAC 
designs.  

Dwelling Unit Passive Techniques Active Techniques Combined Technique Advanced 

Reference Code 
The Egyptian (ECP 306-2005) code for 
conditioned Building and ASHRAE-2005 
Psychrometric chart 

- - 

Orientation Building layout design Evaporative pad design - - 

Envelope 
Design 

Wall & roof Design / 
insulation / whitening 

Building-greenhouse 
integrated design 

Physical connection of 
BGp 

Integration 
construction system & 
materials 

Shading Shading elements  - - 
Self-shading in urban 
scale 

Ventilation 
Natural ventilation / 
Openings aperture / 
ventilation vents design 

Mechanical 
ventilation 
Exhaust fans 

Natural / mechanical 
systems 

Scheduled ventilation 

Climate 

Adaptive 
Night-sky cooling 

Humidification 
systems 

Climate Adaptive 
cooling techniques 

Operation based on 
the the climate 
analysis 

Cooling 
Natural ventilation 
Night-sky cooling 

Mechanical 
ventilation 
Evaporative cooling 

Mixed design 
techniques 

House-greenhouse 
HVAC Integration 

Heating 
Internal thermal heat 
gain / solar heat gain by 
windows  

Heat from the 
greenhouse  / 
domestic hot water  

Mixed use of passive 
and active techniques 

Using Solar ponds 

HVAC Vents - 
Air supply / 
extraction vents 
(internal) 

- 
Connecting air vents 
of the BGp 

Wind 
Facing the prevailing 
wind (Northern façade) 

- - 
Using wind turbines 
for energy generations 

Renewable 
System 

Wind turbine / Domestic hot water / PV system Combined System - 

     Table 4: The design strategy for developing the dwelling and HVAC system. Source: The Researcher. 
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BUILDING ANALYSIS AND DEVELOPMENT 

A study analysis will be applied to explore the best design guidelines to enhance the building thermal 
performance, the architectural and the urban design. In this regard, climate Consultant 5.3 software is 
used to analyze the EnergyPlus Weather format of the Hurghada and ASHRAE Psychrometric Chart-
2005. 

CLIMATE ANALYSIS  

According to the Egyptian building code (ECP 306-2005) in Table 5, Hurghada region is a hot-dry 
climate. In summer, the design average outdoor temperature is 36oC to 38oC, for design factor of 5% 
to 1%, respectively. The indoor design temperature and relative humidity are 25oC and 40%, 
respectively. In winter, the ambient temperature and relative humidity are 14oC and 80%, respectively. 

The indoor design temperature and relative humidity are 20oC and 50%, respectively. Through the 
field study in December 2013, warm temperature average of 25oC has observed in the daytime. At night, 
the temperature drops to an average of 16oC with a clear sky. As shown in EPW analysis in Figure 38, 
the solar insulation is high in summer and winter. The total daily average of direct normal sun radiation 
is 7227 W/m2 in summer and 5807 W/m2 in winter. The monthly relative humidity average is low, 
reaching 36% in summer and 46% in winter. The potential to use evaporative cooling techniques is 
high in summer. Wind speed average is 6m/s in summer and 5m/s in winter. Orienting the building 
to the prevailing winds is recommended to minimize the mechanical ventilation and enhance the 
evaporative cooling performance. 

 

 

DEVELOPMENT METHODOLOGY 

The dwelling development is processed based on using: the Egyptian code (1/306-2005), ASHRAE-

2005, and DesignBuilder based on EnergyPlus simulations for energy and comfort analyzes. 

ASHRAE-2005 Psychrometric Chart  

Figure 38 shows passive and active design techniques for heating and cooling the buildings in 
Hurghada as discussed in ASHRAE psychrometric chart. Cooling in summer: passive strategies should 
be applied to the building envelope components to achieve 100% annual comfort. Applying shading 
elements is a convenient passive technique in summer; it helps to minimize direct solar radiation in 
spaces. Natural ventilation in summer is not recommended. Numerous active cooling techniques are 
recommended for Hurghada climate. As mentioned in Table 1, 77.6% of the annual cooling is covered 
by direct and indirect evaporative cooling, and fan-forced ventilation. Heating in winter: two heating 
design strategies are recommended in ASHRAE-2005; 24% from the building internal heat gain and 
14% by the direct passive solar gain of the building mass.  
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33.7 27.1 14 38 37 36 27 28 25 40 14 80 20 50 

 
Table 5: The indoor and outdoor design climate for buildings in Hurghada. Source: The Egyptian Code for 
Energy in Residential Buildings 2005, page 87. 



   Chapter III 

  

 66 

 

Figure 38: The annual solar radiation and temperature average in Hurghada. Source: Climate Consultant 5.3, EPW 
file. 

  

 

Figure 39: Annual wet-Bulb temperatures. Source: Climate Consultant 5.3, based ASHRAE Handbook comfort 
model. 
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Psychrometric Chart ASHRAE 2005 

No. Strategy % Technique Time /year 

1. Comfort 26.1 - 2282 hrs 

2. Sun shading of windows 31.9 Cooling 2798 hrs 

3. High thermal mass 2.7 - 240 hrs 

4. High thermal mass night flushed 2.7 - 240 hrs 

5. Direct evaporative cooling 24.5 Cooling 2142 hrs 

6. Two-stage evaporative cooling 32.8 Cooling 2871 hrs 

7. Natural ventilation cooling 0.0 - 0_hrs 

8. Fan-forced ventilation cooling 15.5 Cooling 1361 hrs 

9. Internal heat gain 24.0 Heating 2101 hrs 

10. Passive solar direct gain low mass 4.0 Heating 353 hrs 

11. Passive solar direct gain high mass 14.7 Heating 1289 hrs 

12. Wind protection of outdoor spaces 0.0 - 0 hrs 

13. Humidification only 0.7 - 58 hrs 

14. Dehumidification only 0.3 - 24 hrs 

15. Cooling add dehumidification if needed 12.5 Cooling 1097 hrs 

16. Heating, add humidification if needed 1.3 Heating 115 hrs 

17. Comfort hours using selected strategies 100 % - 8760 out of 8760 

Table 6: The cooling and heating techniques in Hurghada. Source: The Egyptian Code (1/306-2005), page 87. 

Cooling Potentials 

Wet-bulb temperature is an indicator to determine the cooling capacity of the evaporative cooling 
systems and the minimum cooling temperature of the supply air. As in the EPW analysis in Figure 38, 
the summer season Hurghada is recognized with the dry-bulb temperatures and the low relative 
humidity levels. It considers a high potential to use evaporative cooling in the building and the 
greenhouse. As in Figure 39, the daily relative humidity is swing between 30-48%. In July for example, 
the maximum wet-bulb temperature is 22.81oC at the noontime. The minimum wet-bulb temperature 

recorded is 8.75oC in January at midnight. 

THE EGYPTIAN BUILDING CODE PARAMETERS FOR SIMULATION 

Maximum Mechanical Ventilation 

Mechanical ventilation is only required to achieve 
the minimum fresh air change, but also for air 
circulation and HVAC systems for space cooling. 
Exhaust fans are necessary for the kitchen and 
bathroom spaces. Table 7 shows the maximum 
mechanical ventilation rates per person in the 
residential buildings. The Egyptian code asked for 
extending the electrical network for the exhausting 
fans in the residential buildings. 

Room Use  Maximum value  
(m3/h/person) 

Living / Bed room 17  m3/h = 4.72 l/s 

Kitchen/ Bathroom 85  m3/h = 23.6 l/s 

Table 7:  Building mechanical ventilation rates. 
Source: The Egyptian code (ECP 306-2005). 
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Minimum Natural Ventilation 

Natural ventilation is needed for three main 
purposes a) for human thermal comfort by 
evaporative cooling effect, b) for cooling the 
building components when the indoor temperature 
is higher than the ambient temperature, c) for the 
indoor air quality for the occupants. Natural 
ventilation minimizes CO2 concentrations, 

undesirable smells or gas, bacteria, and extra 
humidity levels. For the services zones (kitchen and 
bathrooms),  

Air Change Rate per Hour (ac/h) 

As in Table 9, openings facing the prevailing wind 
provide cross air ventilation through the spaces. 
This phenomenon occurred when a pressure 

difference between the interior and exterior exists.  

Natural ventilation is a necessary cooling in the 
mild months (October and April). The dwelling 
unit should be oriented to face the prevailing north 
winds to maximize the cross-ventilation effect in 
the spaces.  

Lighting  

The Egyptian code provides the lighting power 
density average values, which have measured 
based on a survey for the residential buildings in 
Egypt. The Medium light illuminance averages in 
Table 10 are used in the simulations parameters of 
the current research. Surface mounted 
‘Fluorescent lamps’ are used for the dwelling unit, 
and LED Lamps for the greenhouse. 

Thermal Resistance for Walls and Roof 

Table 11 presents the thermal coefficient resistance 
and thermal transmission for the building’s opaque 
construction components in Hurghada. The 
thermal performance of building roofs is 
necessary. The governmental dwelling prototype 
R-values of (0.56m2-K/W) for walls and (0.55 m2-
K/W) for the roof, the values which are lower than 
the Egyptian code.  

Room Use  Minimum value (litre/ 

s/person) 

Livingroom / Bedroom 3 

Kitchen/ Bathroom 14 

Table 8:  Natural ventilation rates in the residential 
buildings. Source: The Egyptian code (ECP 306-
2005). 

Window 
Position 

Using Windows Air change/hr 
ac/h Day-time Night-time 

One side only 

closed closed 1 

open closed 3 

open open 10 

More than 
one side 

closed closed 2 

open closed 10 

open open 30 

Table 9: Air change rates/hr in residential building. 
Source: the Egyptian code (ECP 306-2005) 

Space 

Light illuminance  (LUX) Density 

W/m2 

Minimum Medium Maximum Average 

Bed room 50 75 100 10 
Livingroom 200 300 500 19 
Kitchen 100 200 400 11 
Bathroom 100 150 200 14 
Corridor-
Stair  100 150 200 13 

Table 10: Lighting in the dwelling spaces. Source: 
Egyptian code (ECP306-2005) 

Region 
Thermal resistance (R)  

Opaque -parts    
Thermal transmission 

W/m2K 

Hurghada 

Direction 
Value 

m2K/W 
Roofs Walls 

Roof 2.2-2.8 

20 45 
North 0.45-0.5 

East-West 0.8-1.1 

South 0.5-0.7 

Table 11: The roof and wall thermal resistance values. 
Source: The Egyptian Code (ECP 306-2005). 
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CO2 

Minimizing the CO2 levels in the building is 
essential for the indoor air quality. Table 12 
provides the CO2 concentrations in relation to the 
activities in the residential buildings. CO2 gas is 
also necessary for the crop growth in the 
greenhouse. In the BGp, the dwelling’s exhaust air 
could be disposed into the greenhouse through a 

closed air circulation cycle.    

PRELIMINARY SIMULATIONS 

This part discusses numerous parametric designs for the building using DesignBuilder simulations. 

The preliminary simulations are used to examine three passive techniques:  

The Architectural Components  

In this section, the building thermal properties are analyzed in detail. The following are the 
architectural guidelines, which applied to the new dwelling prototype design, Figure 32: 

- Using Vault roof design with whining plaster cover instead the conventional flat roof to 
improve the roof thermal performance,  

- Adding natural ventilation vents night-cooling and exhaust vents for air cross-ventilation, 

- Higher Window to Wall Ratio (WWR) for the north facade to increase natural lighting 
/ventilation, 

- Applying shading elements to the building façades to minimize the heat gain, applying 
horizontal shading elements on the southern façade windows,  

- The windows consist of two cladding layers; a) exterior frame: two folding wings with 
horizontal shading louvers for lighting /ventilation, b) Interior cladding; glass frame and 
porous screens. 

Walls Design 

The Egyptian code parameters are applied on the dwelling walls and roof components to enhance the 
building energy performance. The thermal resistance of walls should be 1.1 m2-K/W and 2.2 m2-K/W 
for roofs. The governmental prototype external wall has a thickness of 0.25m of burned brick as in 
Figure 40. Adding an insulation layer is essential to increase the thermal resistance of the governmental 
wall to 1.56 m2-K/W. In Figure 41, expanded Polystyrene EPS of thickness 0.04m (R-Value of 1.17 m2-
K/W) is added between two wall layers of 0.12m. The insulation layer has increased the walls thermal 

resistance to 1.56 m2-K/W. Using mud bricks (dry at 50oC) with the same wall thicknesses has a thermal 
resistance of 1.55 m2-K/W. However, use burned brick for the buildings is recommended, because of 
the high-pressure straightness and the heat resistance to the harsh climate conditions of Red Sea region. 

Interior Walls 

The interior wall materials should be carefully selected to avoid condensation problem on the walls 
surfaces, especially when evaporative cooling system used. ASHRAE 2005 design guidelines 
recommend using high mass materials, stone brick for walls and tile for the floor. Two alternatives are 
examined: a) using a brick wall of 0.012m and thermal resistance 0.43 m2-K/W, b) using a brick wall 
with plaster finishing on both sides (R-Value 0.6 m2-K/W). In the new prototype, the last design is 
used as the inhabitant prefer plaster for interiors although it is not recommended for the evaporative 
cooling systems. 

Activity Rates (watt) Activity 

Stetting 100 0.8 

Light work 160-320 1.3-2.6 

Medium work 320-480 2.6-3.9 

Hard work 480-650 3.9-5.3 

Table 12: CO2 concentrations in buildings to occupant 
activities. Source: The Egyptian code (ECP 306-2005). 
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R-Value 

(m2-K/W) 

U-Value 

(W/m2K) 

U-Value 
(W/m2K) 

surface-Surface 

R-Value 

(m2-K/W) 

U-Value 

(W/m2K) 

U-Value 
(W/m2K) 

surface-surface 

0.562 1.779 2.551 W/m2-K 1.562 0.640 0.718  

Figure 40:  Wall thermal properties of the 
governmental unit. Source: DesignBuilder calculations 
based EnergyPlus. 

Figure 41: The wall after adding insulation layer. 
Source: DesignBuilder calculations based EnergyPlus. 

 

 

U-Value 

(W/m2K) 

U-Value 

(W/m2K) 

U-Value 

(W/m2K) 
U-Value 

(W/m2K) 

0.456 2.194 0.449  0.449  

Figure 42: Comparing the thermal performance of the governmental prototype and the Vault roof design 
in the new prototype, with 0.06m insulation layer. Source: DesignBuilder calculations based EnergyPlus. 
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Vault Roofing System 

As in Chapter II, most of El-Gouna buildings are vaulted roof designed. Using mudbrick only provide a 
low thermal resistance of 1.93m2-k/W. To roof thermal resistance has increased to 2.23m2-k/W, as in 
Figure 42. That by a food design consists of: 0.15m of burned bricks, 0.06m EPS Expanded Polystyrene, 
a 0.04m cover layer of burned bricks, and 0.02m white dry render. Using a vaulted roof instead of a 
flat roof has affected positively on the building’s heating and cooling loads. As shown in the simulation 
results in Table 13, applying the roof whitening has also examined for both the flat and vault roofing 
systems; it has enhanced the roof thermal performance 12% lower, reaching 4.32 kWh/m2 for the vault 

roof whitening compared to 4.81 kWh/m2 in the flat roof. The salinity of groundwater as well as the air 
humidity in coastal regions makes vault roof construction is highly recommended. It helps avoid the 
deterioration of the reinforced concrete and steel bars as occurred in the governmental prototypes. 
Vault roof provides also a proper air circulation and temperature distribution in spaces. It minimizes 

the heat gain, matching with the region climate conditions and vernacular architecture. 

Roof Design Flat roof Flat white roof Vault roof Vault-white roof 

Details 0.04m polystyrene   
0.04m polystyrene   

0.02m White 
plaster 

0.04m polystyrene   
0.04m polystyrene   

0.02m White plaster 

Cooling kWh/m2 4.81 4.57 4.28 4.23 

Heating kWh/m2 1.96 1.96 1.91 1.9 

Percentage % Base 5% 11% 12% lower 

 Table 13: Effect of the roof design on the cooling and heating loads. Source: DesignBuilder 
simulations results based EnergyPlus. 

Building Orientation 

A parametric study processed using 24 simulation trails to explore the effect of building orientation on 
the total cooling loads (kW). The north-south axis is the best building orientation for energy saving as 
in Figure 43. 

Floor Insulation 

A water resistance layer is used to avoid the groundwater moisture pressure of the on the building 
components. Two bitumen insulation layers are applied for the floor and foundation components in 
the new dwelling prototype. 

Window to Wall Ratio (WWR) 

The parametric study for the WWR illustrates the effect of the window design, materials, and size on 
the indoor thermal comfort and energy demand. The parametric simulation in Figure 44 shows that 
the WWR ratio of more than 20% increases the building energy demands. Applying shading elements 
allow higher WWR ratios and help to decrease the building energy loads. 

Effect of Constructions Materials and Roof Design 

The building’s envelope design and materials are effecting on the cooling and heating design loads in 
the building. As shown in Table 13 and Table 14, the total cooling load of the new dwelling unit is 4.06 
kW in comparison to 9.16 kW for the governmental prototype, while heating design loads are 3.84 kW 
and 4.06 kW, respectively. 
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Figure 43: Effect of building orientation on the total cooling load. Source: Data retrieved after 
DesignBuilder simulations. 

1 Jan-31 December, Parametric Analysis 

 

Figure 44:  Total energy consumption (kWh) to windows ratio of (20%), cooling set-point temperature of 
24oC. Source: DesignBuilder simulations. 
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Natural and Mechanical Ventilation 

Preliminary simulations is run for a summer design week to examine alternative natural and 
mechanical ventilation techniques. As in Table 14, applying mechanical and/or natural ventilation are 
increasing the cooling loads of the governmental prototype.  

Roof Design Normal Design White Roof Increasing Wall 
Insulation 

Mechanical 
Ventilation 

Components + 0.04 polystyrene 
+ 0.04m polystyrene 
+ 0.02m White plaster 

*  0.06 polystyrene 
  (increasing)  

Cooling kWh/m2 4.81 4.23 4.80 6.15 

Heating kWh/m2 1.96 1.9 1.60 5.05 

Applying Mech./Nat. 
Ventilation 

Mixed Ventilation 
Natural + mechanical  

Mixed ventilation 
Mech. V. (Bed+ 
Livingroom) 
Natural V. (bath+ kitchen) 

Mixed Ventilations  
Natural. V. + Mech. V. 
(Bed+ Livingroom) 

Exchange of (Bed+ living 
R) locations in the dwelling 

Cooling kWh/m2 5.46 4.18 4.9 4.3 

Heating kWh/m2 3.9 1.77 2.9 1.9 

 Table 14: Roof design effect on the building cooling and heating loads. Source: 
DesignBuilder simulations. 

Lighting 

Natural lighting is essential to enhance the indoor living quality. The low thermal mass of the dwelling 
envelope increases the heat losses through the openings. Optimizing the Window to Wall Ratios (WWR) 
plays a significant role in reducing the building energy demands. The Egyptian code mentioned that 
the WWR value should not exceed 20% on the south façade with 30% shading elements. In the 

northern façade, WWR could be increased to 50%. Figure 45 shows the simulation results of natural 
light in the building spaces. Applying fixed elements shading allows only the indirect solar radiation in 
the spaces. Annexes 1-2 provide lighting simulations. 

Water in Dwelling House 

The dwelling prototype is planned to build in rural or a semi urban areas. Darwish R. et al. (1998) 
argues for the communities located in the Red Sea region. Thus, a minimum amount of 500 litres/day 
(0.5m3) fresh water is required for the prototype model. The average use per inhabitant is 100-125 
litres/capita/day including water losses from the network.  

Population Type Population Range 
Consumption 
Litre/capita/day 

Losses 
25% 

Total 
Consumption 

Urban 0ver 30,000 170 42.5 212.5 

Semi-urban 10,000 to 30,000 100 25 125 

Rural Less than 10,000 100 80 20 100 

Tourism - 300 - 300 

Table 15: The total water consumption per population type and living standards, Source: (N. Yakoub 1997). 
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Simulation of the natural lighting in the dwelling unit without applying shading elements 

 

Figure 45: (Above) Natural lighting simulation in the dwelling unit, (Below) indoor lighting after applying 
the WWR limits and shading elements. Source: DesignBuilder natural lighting simulations based 

EnergyPlus. 
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DWELLING UNIT’S OPERATION SCHEDULE  

Occupancy schedules are essential to achieving an efficient HVAC system operation. Table 16 shows 
the maximum cooling design for the dwelling zones. The cooling design simulation for the dwelling 
unit is adjusted for peak cooling in July at 17.30 hr, for a setpoint temperature of 25oC. The standard 
schedule operation for the dwelling zones of (60.9 m2) area as shown in Figure 46. The highest cooling 
operation at evening between 19.5 to 22.00 hr, HVAC cooling is ‘Turned OFF’ at the noontime between 
(9.00-13.00 hr). The schedule will manage the operation of Air Handling Unit (AHU) and supply vents 
of each space. 

Zone 
Floor 

area m2 
Volume 

m3 

Design 
flow 

Rate m3/s 

Total 
cooling 
Load kW 

Sensible 
kW 

Humidity 
% 

Max. Op 
Temp/day°C 

Design 
Capacity 

kW 

Airflow/floor 
area (l/s-m2) 

Kitchen-1 4.50 11.1 0.0353 0.47 0.47 47.5 26.4 0.55 8.77 

Bath-1 2.50 6.1 0.0244 0.32 0.31 47.4 26.3 0.36 10.67 

Livingroom-1 12.00 43.5 0.083 1.36 1.28 48.5 26.2 1.56 8.54 

Bed-1 12.00 43.9 0.07 0.94 0.87 48.5 27.1 1.08 5.7 

Livingroom-2 12.00 43.5 0.0841 1.33 1.25 48.5 26.1 1.53 8.33 

Bed-2 12.00 43.9 0.0706 0.95 0.87 48.5 27.2 1.09 5.74 

Kitchen-2 4.50 11.2 0.0445 0.5 0.49 47.4 26.5 0.57 9.11 

Bath-2 2.50 6.1 0.0303 0.34 0.33 47.3 26.5 0.39 11.58 

Totals 60.9 209.5 0.4423 6.19 5.88 48.3 27.2 7.12 7.64 

 
Table 16: Cooling design simulation for the dwelling unit zones in July. Source: The researcher 
using simulations of DesignBuilder  v4.2. 

Services Rooms: Bathroom (2.5m2) and kitchen (4.50m2): 

Kitchen and bathroom have the same operation schedule and setpoint temperature. In the morning 
from 4.30 to 9.00 hr. At night, the kitchen operating is from 16.30 to 23.00 hr, airflow rates 0.024 
m3/s. The bathroom operation at night is from 16.30 to 22.00 hr with airflow rates is 0.015 m3/s, 

Figure 47. 

Livingroom (12.00m2) 

The operation schedule for the living room is adjusted between 13.00 to 22.00 hr. The calculated 
airflow rate for the living rooms is 0.046 m3/s, Figure 48. 

Bedrooms (12.00m2) 

Bedroom operation is starting at 19.00 hr in the evening until 8.00 hr in the morning. Calculated supply 

airflow rate for the bedroom is 0.035 m3/s, Figure 49.  

Heating, Cooling, and Lighting Load (kWh/m2) 

The governmental prototype has a total cooling load of 171.2 kWh/m2.a. The governmental prototype 
has modified by applying: a) vault roof design with whitening, b) applying a polystyrene thermal 
insulation layer of thickness 0.04m to the wall and roof construction, c) enhancing the building 
airtightness value to 0.5 ac/h. After enhancing the building components and thermal performance, the 
total cooling load has decreased to 76.34 kWh/m2a. Table 17, Figure 50 and Figure 52 present a 
comparison between the governmental and the newly developed model. Figure 51 comparing the 
electricity demand for the lighting, heating, cooling, and Domestic Hot Water (DHW) (kWh/m2). In 
winter, the warm air from the greenhouse unit could be supplied into the dwellings spaces using the 
air vents to provide a free heating load. 
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Temperature and heat gains –All Dwelling’s Zones 

 

Figure 46: The average cooling design & for the dwelling’s HVAC system schedule. Source: DesignBuilder cooling 
design 

Kitchen/Bathroom 

 

Figure 47: Operation schedule of the kitchen and bathrooms. Source: DesignBuilder cooling design. 

Living Room 

 Figure 48: Operation schedule of the living rooms. Source: DesignBuilder cooling design. 

Bedroom 

 

Figure 49: Operation schedule of the Bedrooms. Source: DesignBuilder cooling design. 
 

Building Design 
Total Cooling 

Load    
kWh/m2a 

Cooling 
Electricity  

kWh/m2a 

Zone 
Heating    
kWh/m2a 

Heating 
Electricity 

kWh/m2a 

Lighting 
kWh/m2a 

DHW  

Electricity 
kWh/m2a 

Total 
Electricity 

kWh/m2a 

Discomfort 
hr 

Governmental -171.2 38.000 0.316 0.422 
gas 

18.323 1.659 69.795 2387.66 
hrs 

New Prototype 
+ Vault Roof 

-76.339 23.471 0.402 0.303 13.677 3.023 50.655 844.4 hrs 

Table 17: Comparison between the governmental and new dwelling prototype design. Source: DesignBuilder 
simulations. 
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Figure 50: The new dwelling unit 
and original governmental unit. 
Source: The Researcher. 

Figure 51: Lighting, heating, cooling, and DHW loads (kWh/m2) of the 
governmental and the new prototypes. Source: The researcher after 
DesignBuilder simulations. 

 

 

Figure 52: Simulations stages of the building-greenhouse and ASHRAE cooling strategies. Source: The researcher after 

DesignBuilder simulations

Part A Part B 

Direct Normal Sun Radiation: 

5807- 7227 W/m
2
 

Wind Speed average: 5-6 m/s 

Comfort        : 2069   hrs   

Discomfort ASHRAE : 2775.5 hrs 

Summer (4624)        :1599.5 hrs 

Winter         : 571 hrs 

HVAC-Off hours        : 600 hrs 

ASHRAE 2005:  
Direct and indirect evaporative techniques 
cover 77.6% of the annual cooling 
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HVAC DESIGN & SIMULATION 

ence the electricity access in Red Sea region is limited, efficient HVAC systems should be used to 
minimize the initial and operation costs. As mentioned in the Psychrometric chart Table 6, using 
direct and indirect evaporative cooling could contribute 24.5% and 32.8% of the annual cooling 

loads, respectively. This chapter will study in-depth the HVAC alternative designs to reach the human 
thermal comfort in the dwelling unit. In addition to compare using the passive, the conventional, and 
the active cooling techniques. 

CONVENTIONAL ACTIVE SYSTEMS 

In the Red Sea region and Hurghada in specific, conventional cooling systems such as heat pump and 

mechanical ventilation fans are dominant in the market. Holders of governmental houses cannot afford 
the expensive cost of the heat pump unit. Fan-forced ventilation cooling can only afford 15.5% (1361 
hrs) of the annual cooling loads. In this section, the natural/mechanical ventilation and the heat pump 
cooling systems examined to understand the dwelling indoor climate behaviour in summer. 

NATURAL VENTILATION  

Using of natural ventilation as the main cooling system cannot satisfy reaching the human comfort 
levels for the occupants. For a summer design week, the outside temperature reaches 38oC at the 
noontime to 30oC at night. As the simulation results in Figure 53 shows, the dwelling indoor 
temperature reaches 31oC at the daytime and 36oC at the afternoon.  

MECHANICAL VENTILATION 

The Egyptian energy code figures the need of the mechanical ventilation in the housing design. That to 
help minimize the air pollutant levels in the dwelling spaces. Mechanical ventilation is examined to 
measure the energy demands and the dwelling unit indoor temperature. As shown in Figure 54 and 
Table 18, the indoor temperature reaches almost 35oC at the noontime and 28.5oC at night. 

Air 

Temperature oC 

Relative 
humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

31.90 29.76 0.677 - 0.900 /7days 20.22 ac/h 60.00 

min 28.7 to 34.3oC min 23 to 39.30 % max 0.4m3/s - inc. lighting 
without natural 

vent 
Per 7  days 

Table 18: Energy demand and indoor temperature using the mechanical ventilation. Source: DesignBuilder 
simulations. 

 

MIXED NATURAL AND MECHANICAL VENTILATION 

Windows are scheduled to open at a setpoint temperature of 30oC, or when the ambient temperature 
drops 5oC lower than indoor temperature. As Table 19 shows, the mixed natural/mechanical ventilation 
cooling requires low energy demands but keeps the dwelling temperature in high levels. Windows were 
closed through the daytime because of the high ambient temperatures. Figure 55 shows the airflow 
in/out in the dwelling unit when the outdoor temperature is lower than 30oC.  

 

H 
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Air Temperature 
oC 

Relative 

humidity % 

System Fans 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) 

31.90 29.68 0.675 - 0.890 /7days 20.49 ac/h 60.00 

min 28.7 to 
34.3oC 

min 23.5 to 
39.0 % 

 max 0.4m3/s - include lighting without natural 
vent 

Per 7  days 

Table 19: simulation results of using mixed mechanical and natural ventilation technique. Source: DesignBuilder 
simulations. 

HEAT PUMP SYSTEM 

The heat pump system provides high cooling capacity and high indoor thermal comfort in summer. 
However, as in Table 20, the operation energy demand is high reaching 4.6 kWh/m2. Figure 56 shows 
the operation energy of the heat pump system (w/m2). Simulation of the heat pump system is necessary 

for the comparison with the alternative HVAC systems, which are discussed in the next section. The 
operation costs of the heat pump system are expensive for the dwellers of the affordable houses. As 
mentioned in Chapter II, the electricity cost in Hurghada is high. Using renewable systems such as off-
grid solar photovoltaic cells cannot afford the high operation power of the heat pump system. 

Air Temperature 
oC 

Relative 
humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

 Mech V.+ 
Infiltration 

Discomfort 
(hrs) 

26.25 43 0.097 4.0 4.6 1.00 ac/h 00.00 

min. 26.00 to 
27.56oC 

Min. 66.0 to 
80.5 % 

- 
Pump Elec. 

0.240 
Lighting 0.215 

kWh/m2 
 without 

natural vent 
Per 7  days 

Table 20: Simulation results of using a heat pump cooling system. Source: DesignBuilder simulations. 
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Natural Ventilation 
Indoor & Outdoor Temperature- Dwelling unit, all zones 

Summer design week (13 July – 19 July-Hourly) 

Figure 53: The dwelling indoor temperature when natural ventilation used. Source: DesignBuilder simulations. 

 
Mechanical/ Natural Ventilation 

Indoor & Outdoor Temperature- Dwelling unit, all zones 

Figure 54: the dwelling indoor temperature when mechanical ventilation is applied. Source: DesignBuilder 
simulations. 

Airflow- Mechanical/ Natural Ventilation 

Figure 55: Airflow in/out when natural ventilation setpoint of 27oC is applied. Source: DesignBuilder 
simulations. 

 

Heat Pump/ Setpoint 25oC 
 Indoor & Outdoor Temperature- Dwelling unit, all zones 

Figure 56: Energy demand and temperature levels in the dwelling unit using the heat pump system. Source: 
DesignBuilder simulations. 
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EVAPORATIVE COOLING SYSTEMS 

Based on the ASHRAE-2005 psychrometric chart, evaporative cooling techniques are help reaching the 
human thermal comfort in summer. Direct and indirect evaporative cooling techniques could 
contribute 24.5% and 32.8% (2142 hrs and 2871 hrs) of the annual cooling loads, respectively. In this 
section, alternative design configurations for both the Direct Evaporative Cooling (DEC) and Indirect 
Evaporative cooling (InDEC) will be examined. Simulations will go in-depth through three stages: a) 
building simulation run using the default operation values for the HVAC components, b) applying 
additional HVAC components such as a pre-treatment pad, c) applying reversed HVAC design 
configurations. Simulation results will be presented in tables and figures to compare the changes in 
the indoor temperature, humidity level, and electricity demands. At the end of each HVAC alternative, 
a discussion analysis will be presented to select the best HVAC configurations. 

DIRECT STAGE EVAPORATIVE COOLER 

Direct stage evaporative cooling is thermodynamic 
process where a synchronous heat and mass 
transfer occur. The system is consists of a rigid 
evaporative pad and a water pump to irrigate the 
water on the rigid pad. Cooling is occurred by 
adding moisture to the air, which decreases the 
hot-dry air temperature to the low wet-bulb 
temperatures. It is an adiabatic cooling, which 

follows a constant enthalpy from A to B as in the 
psychrometric chart in Figure 57. This cooling 

technique is suitable cooling the buildings in 
Hurghada region, where adding humidity to the 
conditioned air is acceptable. 

DIRECT EVAPORATIVE COOLING (DEC) 

As in Figure 58, a main fan or blower is used to circulate the air from the evaporative pad to the 
dwelling spaces. All the spaces are connected to the same Air Handling Unit (AHU) configurations. An 
extraction fan is used to control the relative humidity levels in the spaces. 

System Specifications 

Direct evaporative cooling helps to cool the air temperature to levels close to the human comfort. 
Simulation has processed for three alternative HVAC designs: a) direct evaporative pad, b) adding a 
pre-treatment pad before the DEC pad, c) adding exhaust fans to the HVAC cycle to reduce the humidity 
levels. As in Table 21, the main fan has a fan efficiency of 70% and air pressure of 600pa. 

Air Loop  Main Fan Pre-treatment Pad Evaporative 
Cooling Pad  Extract Fan  

Autosized  min. 0.43-0.46 m3/s 0.6m2*0.2 m 0.6m2*0.2 m Airflow: 0.100 m3/s 

Constant volume 70% Efficiency & 
600 pa 

water pump: 200 
W 

water pump: 200 
W 

70% Efficiency  

& 200 pa 

Table 21: the DEC-HVAC system configurations. Source: DesignBuilder simulations. 

  

 

Figure 57: The adiabatic cooling process of CelDekPad 
in the psychrometric chart. Source: DesignBuilder, data 
retrieved in 04.2015 from DesignBuilder Ltd 2016a 
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Note: a Constant Air Volume (CAV) is used in the HVAC design to avoid the complexity in the HVAC 

system design. Variable Air Volume (VAV) will be applied later in the next section ‘HVAC Optimization’. 

Air 
Temperature oC 

Relative 
humidity % 

System Fans 
kWh/m2 

Cooling 
 kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

27.57 65.94 1.2 0.527 2.00 /7 days 4.30 ac/h 59.5 hrs 

Min 25.50 to 
28.9oC 

Min 53.5 to 
83.7 % 

Constant 
flow - 

Lighting 
0.321  

kWh/m2 

without natural 
vent Per 7  days 

Table 22: Simulation results of using the direct evaporative cooling system (DEC). Source: DesignBuilder 
simulations. 

The simulation results in Table 22 shows, the indoor temperature has ranged between 27.6 to 28.9oC. 
It is 10oC lower than the outdoor temperatures and 4.5oC lower than using the mechanical ventilation 

system. The indoor relative humidity is ranged between 53.5% and 83.7%. The discomfort hours in 
the dwelling unit was high reaching 59.5 hrs. As in Table 22, DEC requires low energy demand of 2.00 
kWh/m2 for a summer design week. 

DEVELOPING THE AIR CYCLE DESIGN 

Figure 58 shows the HVAC system components with additional settings such as adding a heat recovery 
coil, night cycle dampers a pre-treatment pad and extraction fan. The simulation shows that applying 
the night cycle, and heat recovery do not enhance the HVAC cooling performance. Using air 
recirculation is not recommended as it increases the air relative humidity level in the spaces. Another 
simulation is processed to examine discarding the extraction fan from the HVAC system design. 
Simulation results have emphasized that, discarding the extraction fan is affecting slightly the cooling 
capacity of HVAC system. Nevertheless, the system fans energy is declined to 0.6 kWh/m2 compared 

to 1.2 kWh/m2 with the extraction fan. 

Adding a Pre-treatment Pad 

An additional evaporative pad is added to the HVAC system as a pre-treatment stage. Table 23 shows 

that, adding a pre-treatment has decreased the air temperature average to 26.8oC and increased the 
air relative humidity levels to 71%. Discomfort hours stayed high as 58 hrs/week. The cooling 
electricity has increased to 2.6 kWh/m2 because of the additional water pump unit of the pre-treatment 
stage. 

Air temperature 
oC 

Relative 
humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort hrs 

26.8 71.00 1.2 1.00 2.6 4.3 ac/h 58.00 hrs 

min. 26 to 27.56oC min. 66 to 80.54 % flow 0.3 kWh/m2 - 
Lighting 0.321 

kWh/m2 

without natural 

vent 
Per 7  days 

Table 23: Enhancing the indoor temperature after adding the pre-treatment DEC unit. Source: DesignBuilder 
simulations. 

The HVAC system network is modified as following:  

a) Adding exhaust fans to the dwelling zones to reduce the high relative humidity levels, b) separating 
the air cycle of the services zones (kitchen and bathroom), c) discarding the exhaust air of the services 
zones from the HVAC system design. Figure 59 shows adding the exhaust fans to the dwelling spaces 
besides separating the kitchen and bathrooms air cycle. These modifications will avoid recirculating 
the unwanted smells accompany the kitchen and bathrooms’ exhaust air. 

Note: The extract fan will be discarded from the following HVAC systems configuration.  
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Figure 58: a) night cycle and heat recovery untis, b) a pre-treatment pad and, c) the extraction fan. Source: 
Detailed HVAC, DesignBuilder v4.2. 

  

Figure 59: a) adding exhaust fans in each the dwelling zones, b) separating the services zones), c) adding a pre-
treatment DEC pad. Source: Detailed HVAC, DesignBuilder v4.2. 

Applying Exhaust Fans 

Temperature and relative humidity- Dwelling unit, all zones 
Summer design week (13 July – 19 July-Hourly)  

 

 

 

Figure 60: Exhaust fans are help reducing the indoor relative humidity levels. Source: DesignBuilder simulations. 
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c 
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HVAC System Added Exhaust Fans 

Applying the new air circulation system has reduced both; the indoor relative humidity and the 
discomfort hours. As in Table 24, the indoor temperature has slightly increased in parallel with 
decreasing the air relative humidity to 27.5%. Discarding the AHU’s extraction fan has declined the 
cooling load and the fan electricity. 

Air Temperature 
oC 

Relative 

humidity % 

System Fans 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort hrs 

27.52 27.5 1.1 0.530 1.9 /7days 4.43 ac/h 50 hrs 

min. 25.40 
to 28.9oC 

min. 22.5 to 
35.5% 

without 
extract fan 

- Lighting 0.321 
kWh/m2 

without 
natural vent 

Per 7  
days 

Table 24: low air humidity levels after using the new air cycle and the exhaust fans. Source: DesignBuilder 
simulations. 

HVAC System Added Exhaust Fans and Pre-Treatment 

Adding a pre-treatment pad to the HVAC system design is examined. Simulation results in Table 25 
and Figure 60 shows a reduction in the discomfort hours to 37.4 hrs/week. The air relative humidity 
levels have slightly increased to 29.6% and the cooling electricity to 1.1 kWh/m2 because of adding the 
pre-treatment pad. 

Air Temperature 
oC 

Relative humidity % 
System Fans 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort hrs 

26.70 29.60 1.1 1.1 2.4 /7day 4.42 ac/h 37.4 hrs 

min.24.6 to 
28oC 

min 24.7 to 
36.8% 

without 
extract fan - 

Lighting 
0.321 

kWh/m2 

without natural 
vent Per 7  days 

Table 25: DEC system after adding the exhaust fans and a pre-treatment pad. Source: DesignBuilder simulations. 

Analysis 

A comparison analysis of the alternative DEC designs is presented in Table 26. DEC requires low energy 
demands, as minimum active components in the HVAC system design. Adding pre-treatment pad has 
reduced the air temperature and the discomfort hours. The disadvantages of DEC system is high 
relative humidity levels of the supply air, which decreases the indoor human thermal comfort. As well 
as, the high air humidity causing water condensation, damaging in the finishing and furnishing 
materials, and corrosion of the metal parts. Therefore, exhaust fans are essential in the HVAC design 
to control the relative humidity levels.  

Design  
Alternatives 

1 2 3 4 
Simple DEC 1 + Pre-Treat. New Cycle 3 + Pre-Treat. 

Air temperature oC 27.57 26.8 27.52 26.70 

Relative humidity % 65.9 71.00 27.5 29.60 

System Fans kWh/m2 
1.2 or 0.6 kWh/m2  
without extract fan 1.1 1.1 1.1 

Cooling kWh/m2 0.53 1.0 0.53 1.1 

Electricity kWh/m2 2.00 2.6 1.9 2.4 

Mech+ infiltration ac/h 4.3 4.3 4.43 4.42 

Discomfort (hrs) 59.50 58.00 50.00 37.4 

Table 26: Comparison of the DEC-HVAC design alternatives. Source: DesignBuilder simulations. 
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INDIRECT EVAPORATIVE COOLING (IN-DEC) 

According to the psychrometric chart, the two-
stage evaporative cooling could provide 32.8% of 
the annual cooling design. In this sense, the indirect 
evaporative cooling decreases the hot-dry air 
temperature to low dry-bulb temperatures, and in 
parallel to keep the air low relative humidity levels. 
However, the simulation process is examined two 
main InDEC-HVAC configurations: a) the dry coil 
indirect (CelDekPad) evaporative cooling pad, b) 
and the indirect (wet-coil) evaporative cooling 

system.  

INDIRECT (CELDEKPAD) EVAPORATIVE 

COOLING COIL 

As shown in Figure 61, the air-cooling is processed by two separated air streams: the main supply air 
stream (A-B) cooled through the heat exchanger unit (Air-Air) and a secondary air stream (A-C-D) 
passing across a direct evaporative cooling and a heat exchanger coil. The direct evaporative cooler is 
a rigid media where an adiabatic cooling for the secondary air stream occurs. The DEC pad (from A - 
C) cools the secondary air stream, which used to cool the main air stream (C - D). The secondary air is 
sensibly cooled after exchanging the heat with the supply air, and then released eventually to the 
environment. This process keeps the relative humidity of the supply air at low levels. A water pump is 

used to recirculate the water on the rigid pad.  

System Specifications 

The indirect evaporative cooling unit is consists of a supply fan, a secondary fan, a rigid evaporation 
pad and a water pump. Figure 61 shows the indirect evaporative cooling unit as specified in 
DesignBuilder’s HVAC design manual. The advantages of the CelDekPad is the indirect heat exchanging 
between the air streams, where no mass transfer occurs and a constant heat exchanging efficiency 
occurs. As in Table 27, the HVAC system is adjusted to a Constant Air Volume CAV and Autosized fan 
operation. In DesignBuilder, the main supply fan has an efficiency of 70% and pressure of 200pa. The 
secondary fan (indirect evaporative cooling) has a default maximum airflow rate of 1 m3/s and fan 
pressure of 200pa. The rigid pad area is 0.60 m2 and 0.2m thickness.  

Air Loop  Main Fan Secondary fan Extract fan  Pre-treatment  Indirect-rigid Pad  

Autosized  0.43 - 0.46 m3/s Airflow: 1 m3/s Airflow: 0.100 m3/s 0.6m2*0.2 m 0.6m2*0.2 m 

Constant volume 
CAV  

70% Efficiency & 
600pa 

70% Efficiency & 200 
pa 

70% Efficiency & 200 
pa 

water pump: 200 W 
water pump: 200 

W 

Table 27: Indirect (CelDekPad) HVAC system specifications. Source: DesignBuilder simulations. 
 

a) One-Stage CelDekPad System 

Simulation is run for using the indirect evaporative cooling system ‘CelDekPad’. As Table 28 shows, 
the supply air relative humidity level was low reaching 17%. The average indoor temperature was high 
reaching 30oC in the dwelling spaces. Nevertheless, the cooling electricity and fan system were high 
compared to the DEC system. 

 

Figure 61: HVAC system design component of the 
indirect evaporative cooling pad (CelDekPad). Source: 
(DesignBuilder Software Ltd 2016a) 
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Air Temperature 
oC 

Relative 

humidity % 

System Fan 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) 

30.00 17.00 1.06 1.3 2.66 /7days 4.45 ac/h 59.5 

min 29.98 to 
30.6oc 

min 13.0 to 
24.7 % Default - with lighting 

without natural 
vent Per 7  days 

Table 28: Simulation results of using the InDEC system (CelDekPad). Source: DesignBuilder simulations. 

b) Two-Stage: Pre-Treatment Pad (DEC) + CelDekPad 

Adding a pre-treatment stage in developing the function HVAC system as a ‘TWO-STAGE’ evaporative 
cooling (DEC and InDEC). As simulation results show, the air temperature is decreased to 28oC and 
relative humidity levels is raised to 26.68%. The discomfort hours reach 56.9 hrs for a summer design 
week. As in Table 29, the cooling load and the total electricity demand have increased to 1.8  and 3.2 

kWh/m2 respectively, after adding the pre-treatment stage. 

Air 

Temperature oC 

Relative 

humidity % 

System Fan 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) 

28.00 26.68 1.06 1.8 3.2 /7 days 4.44 ac/h 56.90 

min 25.9 to 
29.38oC 

min 21.9 to 
34.9 % 

Default - with lighting without natural 
vent 

Per 7  days 

Table 29: Simulation results of using indirect cooling with a pre-treatment pad. Source: DesignBuilder simulations. 

c) Two-Stage: (DEC + InDEC) + Air Recirculation  

Simulation results in Table 30 show that applying air recirculation to the HVAC operation does not 
affect the indoor air temperature and the air relative humidity levels.  

Air 

Temperature oC 

Relative 

humidity % 

System Fan 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) 

28.00 26.68 1.06 1.8 3.2 /7 days 4.45 ac/h 56.90 

min 25.95 to 
29.4oC 

min 21.88 to 
34.88 % 

Default - with lighting without natural 
vent Per 7  days 

Table 30: Adding a pre-treatment pad to the InDEC-HVAC system. Source: DesignBuilder simulations. 

d) Reversed Two-Stage HVAC (InDEC+ DEC)  

This simulation is examine reversing the HVAC system components, as replacing the pre-treatment 
stage after the indirect cooling stage. As in Figure 63, this design configuration has significantly 

reduced the indoor air temperatures to 25.8oC. The simulation results in Table 31 shows that the air 
relative humidity level was 27%. The discomfort hours have significantly decreased to 16 hrs.  

Air Temperature 
oC 

Relative 
humidity % 

System Fan 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

25.77 27.00 1.06 1.8 3.2 4.4 ac/h 16 hrs 

min 23.46 to 

27.3oC 

min 22 to 

36.5 % 
Default - for summer 

week 
without nat. 

vent - 

Table 31: Simulation of the reversed HVAC configuration (Indirect–Direct evaporative cooling). Source: 
DesignBuilder simulations. 
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INDIRECT (WET COIL) EVAPORATIVE COOLER 

Wet-coil InDEC is different in design to the 
CelDekPad system. It has two air streams, a 
primary supply air and a secondary air stream. In 
this system, a wet coil is used to exchange the heat 
and mass between the supply air and secondary 
air. As shown in Figure 62, the secondary air 
temperature is reduced from A to B. The water 
irrigation system is used to cool the heat 
exchanger coil (wet-coil), where the heat and mass 
are transferring to the supply air. The supply air 
temperature changes in this stage from A to C. The 

secondary fan stimulates the heat and mass 
exchange between the supply and secondary 
streams, the hot-humid secondary stream is 
released eventually to the atmosphere. 

System Specifications:  

The HVAC system is adjusted to a Constant Air Volume (CAV) and autosized fan flowrates. The system 
fan is operated based on the cooling setpoint of the dwelling spaces. Table 32 shows the HVAC system 
settings in DesignBuilder. The maximum heat exchange efficiency of the wet-coil is 80%.  

Air Loop  Main Fan Secondary fan 
Pre-

Treatment 
pad 

Indirect-Wet 
Coil  Extract Fans  

Autosized Autosized Airflow: 1 m3/s 0.6m2*0.2 m 
Heat ex. Eff.: 

80%  

Airflow: 0.15 

m3/s 

Constant Air  

Volume CAV 

Fan Efficiency 
70% 

&  pressure 600pa 

Fan Efficiency 
70% &  pressure 

200pa 

water pump:  

200 W 

water pump: 

 200 W 

Fan Efficiency 60% 
&  fan pressure 125 

pa 

 Table 32: Indirect wet-coil HVAC system specifications. Source: DesignBuilder simulations.  

a) One-Stage: Wet Coil System 

Simulation is processed for a summer design week. Simulation results of using a wet coil InDEC system 

shows reduction in the indoor air temperature to 28.7oC (26.7oC min. and 30.2oC maximum). As in 
Table 33, the indoor air relative humidity level is ranged between 10.2% to 24.6%. The cooling capacity 
of the wet-coil system was better than in the CelDekPed InDEC system. The electricity demand was 
also low reaching 2.3 kWh/m2.  

Air 
Temperature oC 

Relative 
humidity % 

System Fan 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

28.45 14.6 0.71 1.34 2.3 5.12 57.7 hrs 

min 26.7 to 30.2 
oC 

min 10.2 to 
24.6 % max. 0.2 6 m3/s - Lighting 0.215 

kWh/m2 
without natural 

vent Per 7  days 

Table 33: Simulation results of using the indirect wet-coil evaporative cooling. Source: DesignBuilder simulations. 

 

Figure 62: Air cooling process in the InDEC (wet-coil) 
HVAC system, Source:  DesignBuilder manual, date 
retrieved on 01.2015 from: DesignBuilder Software Ltd 
2016b.  
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b) Two-Stage: Pre-Treatment Pad (DEC) + Wet-Coil 

Applying a pre-treatment pad has increased the indoor air relative humidity levels. As the simulation 
results in Table 34 shows, the air temperature is decreased to 26.90oC, and the relative humidity 
increased to 22.17%.  

Air 

Temperature oC 

Relative 

humidity % 

System Fan 

kWh/m2 

Cooling 

kWh/m2 

Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) 

26.90 22.17 1.1 1.75 3.00 5.1 35.69 hrs 

min 24.8 to 
28.3oC 

min 18.3 to 
28.36 % 

max. 0.2 6 
m3/s - 

Lighting 0.215 
kWh/m2 

without 
natural vent 

Per 7  
days 

Table 34: Adding a pre-treatment pad to the wet coil indirect cooling system. Source: DesignBuilder simulations. 

c) Reversed Two-Stage HVAC (InDEC+ DEC)  

Reversed HVAC design is examined as in the InDEC-CelDekPed system by replacing the DEC pad (pre-
treatment) after the indirect wet-coil. The outside air is cooled through the indirect wet-coil with a 
slight increase in the air relative humidity. Then, a further cooling to the supply air occurs through the 
direct evaporative stage. As Table 35 and Figure 64 show, using the two-stage reversed HVAC design 
configuration has decreased the discomfort hours to 7.6 hrs. The air temperature is decreased to an 
average of 25.6oC and relative humidity to 20.2%. Further simulation shows that, applying night cycle 
and heat recovery does not affect the cooling performance and the energy demand of the HVAC system.  

Air 
Temperature 

oC 

Relative 
humidity % 

System Fan 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

25.55 20.2 1.1 1.9 3.2 5.07 ac/h 7.6 hrs 

23.2 to 27.0oC 16.2 to 
28.4% 

max. 0.26 
m3/s 

- Lighting 0.215 
kWh/m2 

without nat. vent Per 7  days 

Table 35: Simulation of using the reversed two-stage wet-coil evaporative cooling. Source: DesignBuilder 
simulations. 

Analysis  

The simulation results that, using the indirect evaporative cooling (CelDekPed) is not sufficient to reach 
high human thermal comfort levels. InDEC system requires high energy demands compared to the 

DEC system. The secondary fan of the indirect evaporative cooling stage has increased the energy 
demands to 3.2 kWh/m2. The advantage of the indirect evaporative cooling is the low air humidity 
levels, but the supply air temperature was high air. Table 36 shows the result analysis for the 
alternative indirect evaporative cooling designs. Adding a pre-treatment pad to the InDEC (two-stage 

EC) has improved the temperature and relative humidity of the supply air. Applying a reversed HVAC 
system design has improved the cooling capacity of the HVAC system. The indoor temperature and 
humidity levels are lower than in the DEC system. The indirect (wet-coil) evaporative cooling has 
achieved high comfort levels, lower indoor temperature, and balanced relative humidity levels in the 
dwelling spaces. As the comparison in Table 37 indicates, the reversed HVAC design configuration 
(Nr.4) provide the best cooling capacity. The reversed HVAC system design provides lower relative 
humidity and air temperature averages in the dwelling unit. The cooling electricity was 80% higher 
compared to the Direct Evaporative Cooling system (DEC). As shown in Figure 64, the cooling capacity 
of the HVAC system drops when the relative humidity of the ambient air is high. This HVAC system 
design is also promising for integrating the building-greenhouse HVAC systems. More details will be 
discussed in Chapter IV ‘HVAC Design Intervention.'  
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Alternative  
Designs 

1 2 3 4 5 
Indirect 

CelDekPad 
1+ heat 

recovery 
1+ 2 + 

Pre-Treat. 
1+2+3+ 

Recirculation 
Reversed  

HVAC 

Air temperature oC 30.19 30.00 28.00 28.01 25.77 

Relative humidity % 17.01 17.00 26.68 26.68 27.00 

System Fans kWh/m2 1.06 1.06 1.06 1.06 1.06 

Cooling kWh/m2 1.3 1.3 1.8 1.8 1.8 

Electricity kWh/m2 2.7 2.7 3.2 3.2 3.2 

Mech.+ infiltration ac/h 4.46 4.45 4.44 4.44 4.4 

Discomfort (hrs) 59.5 59.5 56.9 56.9 16.00 

Table 36: Comparison of the HVAC alternative designs using the InDEC stage. Source: DesignBuilder simulations. 
 

Alternative  

Designs 

1 2 3 4 

Indirect Wet-Coil 1+ Heat recovery 
1+ 2 +  

Pre-Treatment 
Reversed 
System 

Air temperature oC 28.45 28.45 26.9 25.55 

Relative humidity % 14.6 14.6 22.17 20.2 

System Fans kWh/m2 0.71 0.71 1.1 1.1 

Cooling kWh/m2 1.34 1.34 1.75 1.9 

Electricity kWh/m2 2.3 2.3 3.00 3.2 

Mech. + infiltration ac/h 5.12 5.12 5.1 5.00 

Discomfort (hrs) 57.7 57.7 35.7 7.6 

Table 37: Comparison of the different indirect wet-coil HVAC system designs. Source: DesignBuilder 
simulations. 

 

Indirect Evaporative Cooling (CelDekPed) 
Temperature and relative humidity- Dwelling unit, all zones 

Summer design week (13 July – 19 July-Hourly) 

Figure 63: low indoor temperature using reversed-two-stage evaporative cooling. Source: DesignBuilder simulations. 

Indirect Evaporative Cooling (Wet Coil) 
Temperature and relative humidity- Dwelling unit, all zones 

 

Figure 64: lower indoor temperature using the reversed-two-stage InDEC system. Source: DesignBuilder 
simulations. 
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HVAC SYSTEM OPTIMIZATION  

System optimization is essential to increase the feasibility of the HVAC system applications. The HVAC 
optimization is developed through two main sections: a) optimizing the dwelling’s indoor climate 
conditions and, b) optimizing the energy demand of the HVAC system. To achieve this aim, the HVAC 
system components has examined using alternative parameters. The main objectives are to maximize 
the comfort hours in the dwelling spaces in parallel to achieve efficient HVAC operation. The best HVAC 
simulation results are highlighted in the simulation tables. The best HVAC component parameters and 
alternative will be used later in the dwelling HVAC system design. The following are the main criteria 
for the HVAC system optimization: 

 Maximizing the indoor thermal comfort levels and air quality in summer, 

 maximise the use of climate adaptive techniques, 

 applying simple operation schedules for the users, 

 low complex the HVAC system design and operation, 

 recovery of the HVAC system’ waste energy. 

THE DEFAULT HVAC DESIGN 

Table 38, is a comparison between the aforementioned HVAC systems alternatives. Based on the results, 
the reversed Two-Stage Evaporative Cooling (TSEC) will be used as a ‘Default System’ for the HVAC 
system optimization process. TSEC system provides the best indoor temperature, relative humidity 
levels, and higher comfort hours in the dwelling unit.  

Direct Evaporative Cooling 

Air Temperature 
oC 

Relative  
humidity % 

System Fans 
kWh/m2 

Cooling  
kWh/m2 

Electricity 
 kWh/m2 

Mech. Vent+ 
Infiltration 

Discomfort 
(hrs) 

26.70 29.60 1.1 1.1 2.4 4.42 ac/h 37.4 hrs 

min.24.6 to 
28.00oC 

min 24.7 to 
36.8%  flow 0.3kWh/m2 - Including Lighting 

without nat. 
vent 

Per 7  days 

 

Reversed Indirect Evaporative Cooling (CelDekPed) 

25.77 27.00 1.06 1.8 3.2 4.4 ac/h 16 hrs 

min 23.46 to 
27.3oC 

min 22 to 
36.5% 

max. 0.2 6 
m3/s - 

Including 

lighting 
without nat. vent Per 7  days 

 

Reversed Indirect Evaporative Cooling (Wet-Pad) 

25.55 20.2 1.1 1.9 3.2 5.00 ac/h 7.00 hrs 

min 23.2 to 27.0oC min 16.2 to 
28.4% max. 0.26m3/s - 

Including 
Lighting without nat. vent Per 7  days 

Table 38: A comparison between the HVAC system alternatives for the dwelling cooling. Source: DesignBuilder 
simulations. 
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HVAC SYSTEM (CONSTANT SETTINGS) 

The following design parameters are fixed through the following simulation stages to provide clear 
understanding for the factors affect the HVAC system operation: 

- Lighting electricity is 0.215 kWh/m2 for the dwelling unit. This value is a result of using energy 
efficient lamps, which are operated based on the operation schedules of the dwelling unit. 

- Air Infiltration, for the governmental prototype has an air infiltration value of 0.7 ac/h. For the new 
dwelling model is 0.5 ac/h occurs through the openings and cracks. The dwelling construction quality 
is classified as “Good” in the DesignBuilder simulations.  

- Natural Ventilation is ‘Turned off’ in the optimization progress as it affects negatively the HVAC 
cooling capacity. 

- Mechanical Ventilation, the Air Handling Unit (AHU) fan operation is adjusted ‘Autosized’ based on 
EnergyPlus calculations, operation setpoint, and the occupation schedule. The maximum fan airflow 
rates will be mentioned in each simulation results table. 

- Air Recirculation is ‘Turned off’ in all the simulations process, as it increases the humidity levels in 
the spaces. 

- Exhaust Fans are used control the indoor relative humidity levels. A constant airflow rate of 0.10 
m3/s is adjusted for the dwelling spaces to keep the indoor relative humidity at acceptable levels. 

VARIABLE AIR VOLUME 

Constant Air Volume (CAV) is used in the last section of the HVAC system alternatives. This operation 
is considered inefficient; a constant airflow rate is supplied to all the dwelling spaces. Unlike the 
Variable Air Volume (VAV), the airflow rate is adjusted to each space separately. As the comparison in 
Table 39 shows, no difference in the energy demand is recognized. The maximum airflow rates of the 
VAV operation is increased to 0.29m3/s compared to 0.26m3/s in the CAV operation. Figure 65 and 
Figure 66 shows the energy difference between the CAV and VAV operations. The last decreases the air 
temperature to 24.4oC and the discomfort hours to 6.6 hrs. Figure 66 indicates the fluctuation in the 
fan operation at night when a low cooling load is required.  

Loop Airflow 
Air Temp oC RH % System Fans 

kWh/m2 

Cooling 

kWh/m2 

Total Electricity 

kWh/m2 

Mech. Vent+ 

Infiltration 

Discomfort 

(hrs) min. max. min

. 

max. 

Constant Air 
Volume CAV 

25.55 20.2 1.1 1.9 3.2 5.00 ac/h 7.00 hrs 

23.2 27.0 16.2 28.4 max. 0.26 
m3/s  Lighting 0.215 without nat. vent 

Variable Air 
Volume VAV 

25.4 23.5 1.1 1.9 3.2 5.38 ac/h 6.6 hrs 

23.9 26.8 11.4 40.6 max. 0.29 
m3/s  Lighting 0.215 without nat. 

vent Per 7  days 

 
Table 39: Comparison of using CAV and (VAV) in the HVAC system operation. Source: 
DesignBuilder simulations. 

Note: the next HVAC simulations will be run using Variable Air Volume (VAV). 
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INDOOR CLIMATE OPTIMIZATION 

The indoor climate optimization is processed to examine the following: a) applying natural ventilation, 
b) applying different thermostat setpoint temperatures, c) increasing the supply airflow rates in some 
spaces and, d) adjusting the airflow rates of the spaces exhaust fans to control the indoor humidity 
levels.  

NATURAL VENTILATION SETPOINT 

Natural ventilation is a passive cooling technique suitable for mild months such as April and October, 
when the ambient temperature is lower than the indoor temperature. This simulation examines using 
natural ventilation setpoint of 27oC for a summer design week. Simulation results in Figure 67 show 
that, windows open at night when the outdoor temperature drops below 27oC. As in Table 40, using 

natural ventilation affects negatively the cooling capacity of the HVAC system. The discomfort hours 
from 6.6 to 12.5 hrs, natural ventilation is not recommended when mechanical cooling is used.  

Air Temp. oC RH % System Fans 
kWh/m2 

Cooling 
kWh/m2 

Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

25.53 23.85 1.15 1.9 3.2 5.69 12.50 hrs 

min 24.00 to 
27.0oC 

min 11.4 to 
41.00 % 

max. 0.26m3/s -  With Nat. vent Per 7  days 

Table 40: Indoor climate as natural ventilation applied with the HVAC operation. Source: DesignBuilder 

simulations. 

THERMOSTAT SETPOINT ADJUSTMENT 

The thermostat cooling setpoint is examined for different temperatures of 24oC and 25oC for the 
dwelling spaces. As Table 41 shown in, the thermostat setpoint of 24oC provides lower discomfort hours 
for summer design week. 

Thermostat 

Setpoint 

Air Temp. oC RH % System Fans 

kWh/m2 

Cooling 

kWh/m2 

Total Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) min. max. min. max. 

Setpoint: 24oC 

Variable airflow VAV 

25.4 23.5 1.1 1.9 3.2 5.38 ac/h 6.6 hrs 

23.9 26.8 oC 11.4 40.6%      

Setpoint: 25oC 

Variable airflow VAV 

26.00 19.7 1.00 1.9 3.2 4.7 ac/h 9.2 hrs 

25 27.3 oC 8.5 30.6% max. 0.29 
m3/s     

 Table 41: Simulation for using thermostat setpoint of 24oC and 25oC. Source: DesignBuilder simulations. 

AIRFLOW RATES ADJUSTMENT 

Increasing the outside airflow rates per zone has 
examined to reduce the discomfort hours in the 
living and bedrooms. (airflow rates in table 16). As 
in Table 42, the outside airflow rate is increased in 
the Livingroom and bedrooms to 9.4 l/s-person 
and 5.0 l/s-m2, respectively.  

Livingroom Outside airflow  (l/s-
person) 9.4  

Bedrooms Outside airflow (l/s-
person) 5.0  

Table 42: Increasing the outside airflow rates of the 
HVAC system configurations. Source: DesignBuilder 
HVAC system design. 
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Simulation results in Table 43 show, significant reduction in the indoor temperature to 24.7o C and the 

discomfort hours from 6.6 hrs/week to 4.00 hrs/week. The total energy demand has consequently 
increased to 3.4 kWh/m2. 

Sizing Airflow 
Air Temp. oC RH % System Fans 

kWh/m2 

Cooling 

kWh/m2 

Total Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) min. max. min. max. 

Base (TSEC system) 
Variable airflow 

25.4 23.5 1.1 1.9 3.2 5.38 ac/h 6.6 hrs 

23.9 26.8 11.4 40.6 
max. 0.29 

m3/s 
 Lighting 0.215 

without natural  

ventilation  

Increased Airflow 

Rate-Variable airflow 

24.76 32.4 1.3 1.9 3.4 6.66 ac/h 4.00 hrs 

23.9 26.6 10.2 62 
max. 0.39 

m3/s 
 Lighting 0.215 

without natural 

ventilation 

Table 43: Reduction in the indoor temperature after increasing the outside airflow rate. Source: DesignBuilder 
simulations. 

EXHAUST FANS ADJUSTMENT 

The high humidity of the supply air is one of the obstacles facing the direct evaporative cooling 
applications. Using the exhaust fans is necessary to keep the indoor relative humidity at acceptable 
levels. This simulation examines the difference in the indoor temperature and relative humidity levels 
with and without using the exhaust fans. As Table 44 and Figure 68 show, applying DEC system 
without exhaust fans increases the relative humidity levels to 82.8% in the dwelling spaces, the 
discomfort hours have increased to 50.3 hrs/week. Applying the exhaust fans in Figure 69, has 
improved the indoor humidity levels to 23.5% and the discomfort hours to 6.6 hrs. In the integrated 
BGp design, the exhaust fans are also useful to forward the dwelling’s disposal air into the greenhouse 

unit. The warm-humid air in the dwelling unit could be recovered into the greenhouse unit for water 

production. 

Exhaust Air type 
Air Temp. oC RH % System Fans 

kWh/m2 

Cooling 

kWh/m2 

Total Electricity 

kWh/m2 

Mech Vent+ 

Infiltration 

Discomfort 

(hrs) min. max. min. max. 

Base (TSEC system) 
Variable airflow 

25.4 23.5 1.1 1.9 3.2 5.38 ac/h 6.60 hrs 

23.9 26.8 11.4 40.6 
max. 0.29 

m3/s 
 Lighting 0.215 without nat. vent 

Without Exhaust 
Fans 
Variable airflow 

23.34 82.8 0.860 1.9 2.9  5.41 ac/h 50.30 hrs 

24.00 26.8 80.00 86.30 
max. 0.29 

m3/s 
 Lighting 0.215 without nat. vent 

Table 44: Exhaust fans reducing the indoor relative humidity levels. Source: DesignBuilder simulations. 
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Electricity performance - Dwelling unit, all zones 
Summer design week (13 July – 19 July-Hourly) 

 

Figure 65: HVAC system energy using a Constant Air Volumes (CAV) design configuration. Source: DesignBuilder 
simulations. 

 

Figure 66: Energy fluctuation by the Variable Air Volumes (VAV) in the cooling operation. Source: DesignBuilder 
simulations. 

Mechanical/ Natural ventilation and infiltration- Dwelling unit, all zones 
Summer design week (13 July – 19 July-Hourly) 

 

 

Figure 67: Natural ventilation (setpoint of 27oC), airflow rates at night. Source: DesignBuilder simulations. 

Exhaust Fans  
Relative Humidity - Dwelling unit, all zones 

Summer design week (13 July – 19 July-Hourly) 

 

Figure 68: High relative humidity levels of 82.8% when no exhaust fans are applied. Source: DesignBuilder 
simulations. 

  

 

Figure 69: Low relative humidity in spaces when the exhaust fans are applied. Source: DesignBuilder simulations. 
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HVAC SYSTEM ENERGY OPTIMIZATION 

In this section, further optimization for the HVAC system operation will be discussed. Energy 
optimization is essential to develop efficient HVAC system design and economical applications. The 
active components in the HVAC system, fans and cooling units, are the main energy-consuming parts. 
In DesignBuilder, the main fan is part of the AHU (supply air); while the secondary fan and water-
pumping systems are part of the cooling units. The main fan is adjusted as ‘Autosized’, EnergyPlus 
calculates the airflow required for each space based on the cooling capacity.  

SECONDARY FAN ADJUSTMENT 

As mentioned above, the secondary fan is part of In-DEC stage; it stimulates a secondary air stream to 
exchange the heat and mass with the supply air. Decreasing the airflow rates of the secondary fan could 

reduce the energy demands of HVAC system, but affecting negatively the cooling of the supply air. 
Increasing the secondary airflow rate could heat the supply air instead of cooling it. Simulation results 
in Table 45 show that, using airflow rates of 1m3/s provide the best cooling and minimal discomfort 
hours. Lower energy demand with acceptable discomfort hours has achieved when the airflow rate is 
decreased to 0.5 m3/s. 

Secondary Fan  
Variable Airflow 

Air Temp.  
oC 

RH % System Fans 
kWh/m2 

Cooling 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech 
Vent+ 

Infiltration 

Discomfort 
(hrs) 

min. max. min. max. 

Airflow: 1.0 m3/s 
Default 

25.4 23.5 1.1 1.9 3.2 5.38 ac/h 6.6 hrs 

23.9 26.8 11.4 40.6 max. 0.29 
m3/s 

  without nat. vent 

Airflow: 0.5 m3/s 
25.5 23.7 1.2 1.5 2.9 5.4 ac/h 7.48 hrs 

23.9 27.0 12 40.5 -  Lighting 
0.215 

without nat. vent 

Airflow: 0.25 m3/s 
25.7 24.00 1.16 1.3 2.7 5.5 ac/h 8.46 hrs 

23.9 27.3 13.3 40.3 -  Lighting 
0.215 without nat. vent 

Airflow: 0.1 m3/s 
26.5 24.7 1.2 1.2 2.6 5.65 ac/h 25.8 hrs 

24.00 28.0 18.9 39.7 -  Lighting 
0.215 without nat. vent 

Table 45: Comparison to operate the secondary fan with different airflow rates. Source: DesignBuilder 
simulations. 

SIZING THE EVAPORATIVE COOLING PAD  

The TSEC-HVAC system includes two rigid evaporative cooling pads: one for each, the In-DEC (wet-
coil) and the DEC stage. Simulation is processed to size the rigid evaporative pad (DEC). Sizing the 
evaporative pad is affecting the cooling capacity of the HVAC system. The simulation results in Table 
46 shows that, the pad area of 1.0m2 and thickness 0.4m provides the best cooling capacity and low 
discomfort hours of 4.6 hrs. The rigid pad of size (0.60 area* 0.4 thickness) is preferred to minimize the 
HVAC system size. The small pad area is preferred to integrate the pad unit into the air HVAC supply 
ducts.   
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Pad Sizing  
Variable Airflow 

Air Temp. oC RH % System Fans 

kWh/m2 

Cooling 

kWh/m2 

Total 

Electricity 

kWh/m2 

Mech. Vent 

+ 

Infiltration 

Discomfort 

(hrs) min. max. min. max. 

Rigid Pad (TSEC-
HVAC)  
Size: 0.6*0.2m 

25.4 23.5 1.1 1.9 3.2 5.38 ac/h 6.6 hrs 

23.9 26.8 11.4 40.6 max. 0.29 m3/s     

Size: 0.6*0.4m 
25.00 24.00 1.1 1.9 3.2 5.26 5.00 hrs 

24.00 26.7 10.6 41.00 max. 0.29m3/s     

Size: 1.00*0.2m 
25.3 23.6 1.1 1.9 3.2 5.4 6.5 hrs 

24.00 26.8 11.2 40.6 max. 0.29m3/s     

Size: 1.00*0.4m 
25.1 23.9 1.1 1.9 3.2 5.25 4.6 hrs 

23.9 26.7 10.5 41.00 max. 0.29m3/s     

Table 46: Compare using different evaporative rigid pad area and thickness. Source: DesignBuilder simulations. 

 

ANNUAL ANALYSIS OF THE HVAC SYSTEM 

Simulations in the last section focused on sizing the operation of the HVAC system in summer (Figure 
70). Evaporative cooling systems are a climate adaptive technique. Therefore, it is necessary in this 

section to adjust the annual HVAC system operation in winter and mild months. The aim is to achieve 
best indoor human thermal comfort through the year in relation to efficient HVAC operations. The 
study analysis is focusing on three different operations: a) winter months (November- March), b) 
operation in summer (May- September) and, c) mild months for April and October. 

WINTER MONTHS (NOVEMBER– MARCH)  

Based on the ASHRAE-2005 Psychrometric chart, the following design strategies are necessary for 
heating design in winter. A) 24% of the annual heating loads by internal heat gain (2101 hrs/year), b) 
14.7% (1289 hrs/year) by passive solar direct gain high mass, c) 4% (353 hrs/year) by passive solar 
direct gain low mass, d) 1.3% (115 hrs/year) by heating add humidification. Simulation is processed 
for winter months from 1st November until the end of March. Simulation results show that, the building 
envelope design and the internal heat gains have decreased the discomfort hours to 246 hrs compared 
to 3858 hrs in the winter.  

Figure 71 shows the indoor temperature levels in winter months. Heating is required mainly in 
December, January, and February when the indoor temperature drops lower than 20oC. While 
November and the end of March are warm winter months. Therefore, applying a natural ventilation 
setpoint of 24oC provide night cooling, as the outdoor temperature is 5oC lower than indoor 
temperature. Figure 73 shows the natural ventilation airflow in the dwelling spaces when the outdoor 
temperature is 24oC. Heating generation could be gained by two solar heating applications: a) by 
installing a domestic hot water system using solar thermal collector and, b) air heating by means of 
the solar greenhouse effect in the greenhouse unit. 
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Figure 70: Reversed TSEC-HVAC System components and network in the dwelling unit. Source: The researcher 
based on the DesignBuilder HVAC modelling. 

 

Winter Simulation 
Outdoor/Indoor Temperatures - Dwelling Unit 

Winter months (1 November– 30 March-Hourly) 

  

 

Figure 71: The outdoor and indoor temperatures in winter months. Source: DesignBuilder simulations. 

Discomfort Hours - Dwelling Unit  

 

Figure 72: Discomfort hours in December, January, and February. Source: DesignBuilder simulations. 

Natural Ventilation Operation at 24o 

  
 

Figure 73: Natural ventilation cooling occurs in November and March. Source: DesignBuilder simulations. 
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MILD MONTHS (APRIL AND OCTOBER) 

Mild climate is characterised by the warm ambient temperature, but it is lower than in the summer 
months. Applying passive and low-operation active cooling techniques could satisfy reaching the 
human thermal comfort in mild months as it discussed in the following analysis: 

APRIL 

Figure 74 shows the average outside dry-bulb temperature in April (15- 35oC). The outside dry-bulb 
temperature drops at night. In April, when the natural ventilation setpoint is adjusted to 24oC, the 
discomfort hours reached 75 hrs. As in Figure 75, the discomfort hours are decreased to 56.51 hrs when 
a mixed mechanical/natural ventilation is applied. Additional cooling is required in the beginning and 
middle of April. The HVAC system configurations are adjusted as in Table 47 in April. A higher natural 

ventilation setpoint of 26oC is adjusted when the HVAC system is operated. Three HVAC operation 
alternatives are examined in April as following: 

Air Loop Main Fan Secondary fan Pre-treatment Extract fan Natural vent 

Autosized  Autosized  Airflow: 0.5 m3/s 0.6m2*0.4 m 
Airflow 0.100 

m3/s 
26oC 

Constant 
volume 

70% Efficiency 
& 600pa 

70% Efficiency 
& 200 pa 

water pump: 200 
W 

70% Efficiency 
& 200 pa 

Scheduled 
operation 

Table 47: The HVAC system design configurations for April. Source: DesignBuilder simulations. 

a) Direct Evaporative Cooling  

HVAC system (Figure 70) is operated using the DEC stage only. Simulation results in Table 48 show 
that, the indoor climate has significantly improved and the discomfort hours have declined to 0.2 hrs 

in April.  

Air  
Temperature oC 

Relative  
humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech. Vent+ 
Infiltration 

Discomfort 
hrs 

24.70 oC 28.8 % 3.4 1.75 6.00 /month 1.7 ac/h 0.2 hrs 

- - 
max. 0.17- 0.4 

m3/s 
- 

Lighting 
0.952kWh/m2 

without 
natural vent 

Per month 

Table 48: Operating the HVAC system in April using the DEC stage only. Source: DesignBuilder simulations. 

b) Indirect Evaporative Cooling  

Simulation is run for operating the In-DEC stage only (Figure 70). The secondary fan is adjusted to low 
airflow rates of 0.5 m3/s. As in Table 49, no discomfort hours are indicated in April, but the energy 

demand was higher than the DEC system reaching 7.5 kWh/m2.  

Air  
Temperature 

oC 

Relative  
humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
hrs 

24.83 oC 28.46 % 3.6 2.9 7.5 /month 2.16 ac/h 00.00 hrs 

- - 
max. 0.17- 0.4 

m3/s - 
Lighting 0.952 

kWh/m2 
without 

natural vent 
Per month 

Table 49:  Operating the HVAC by the InDEC stage only. Source: DesignBuilder simulations. 

c) Full-HVAC Operation 

A full operation for the TSEC-HVAC system (DEC and InDEC stages) is examined by adjusting the 

secondary fan airflow rate 0.5 m3/s.  
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As the results in Table 50, no discomfort hours is indicated in April, and the cooling energy demands 

has increased to 9.00 kWh/m2.  

Air 
Temperature 

oC 

Relative 
 humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
 kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
hrs 

24.7 oC 26.87 % 3.4 4.8 9.00 /month 1.36 ac/h 0.0 hrs 

- - 
max. 0.17- 0.4 

m3/s Lighting 0.952 kWh/m2 without natural vent 

Table 50: Applying a full HVAC system operation in April. Source: DesignBuilder simulations. 

OCTOBER 

In October, the outside dry-bulb temperature is higher than in April, the peak temperature is ranged 
between 28-35oC. The night-sky cooling is an essential passive technique for the building envelope, as 
the outside dry-bulb temperature drops to 20-25oC. Natural ventilation setpoint is adjusted to 24oC. 
Simulation results in Figure 76 show that, the indoor temperature average is 28.4oC in October and 
the discomfort hours of 218 hrs. When a mixed mechanical/natural ventilation is applied, the 
discomfort hours decreased to 126 hrs, and the indoor temperature to 26.95oC. 

a) Direct Evaporative Cooling Only 

Simulation is run for using the DEC only. As in Table 51, the indoor temperature average reaches 25.4oC 
and relative humidity of 40.7%. As Figure 77 shows, the discomfort hours have reduced to 8.56 hrs in 
October. The system energy demand reaches 7.00 kWh/m2 for all October days. 

Air  
Temperature 

oC 

Relative 
Humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
hrs 

25.4 40.7 4.00 2.00 7.00 /month 3.00 ac/h 8.56 hrs 

- - 
max. 0.17- 0.4 

m3/s Lighting 0.952 kWh/m2 without natural ventilation  

Table 51: HVAC system operation using the DEC only. Source: DesignBuilder simulations. 

b) Indirect Evaporative Cooling only 

The InDEC system is turned on with a secondary airflow rate of 0.5m3/s. As Table 52 shows, activating 
the InDEC stage has increased the energy demand and the discomfort hours to 20.9hrs.  

Air 
 Temperature 

oC 

Relative 
Humidity % 

System Fans 
kWh/m2 

Cooling  
kWh/m2 

Electricity  
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort  
hrs 

25.9 39.38 4.2 3.5 8.70 /month 3.7 ac/h 20.9 hrs 

- - max. 0.17- 0.4 
m3/s Lighting 0.952 kWh/m2 without natural ventilation  

Table 52:  Operating the HVAC system - indirect evaporative cooling stage. Source: DesignBuilder simulations. 

c) Full HVAC Operation 

Simulation is processed for activating full TSEC-HVAC system operation. As Table 53 shows, a 
reduction in the discomfort hours to 4.9hrs occurs, while increasing the HVAC total electricity demand 
in October reaches 10.4 kWh/m2. 
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Air 
Temperature oC 

Relative 
Humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
hrs 

25.30 37.8 3.9 5.5 
10.40 

/month 
2.5 ac/h 

4.9 hrs 

- - 0.17- 0.4 m3/s Lighting 0.952 kWh/m2 without natural vent 

Table 53: Simulation of the full-HVAC system operation in October. Source: DesignBuilder simulations. 

April Simulations 
Outdoor /Indoor Temperature & Discomfort Hours- Dwelling Unit 

Summer design week (1 April– 30 April-Hourly) 

 

 Figure 74: The outdoor / indoor temperatures in April. Source: DesignBuilder simulations. 

 

  
Figure 75: The discomfort hours in April when natural ventilation applied. Source: DesignBuilder simulations. 

October Simulations 
Outdoor/indoor Temperatures - Dwelling unit 

1 October– 31 October-Hourly 

 

Figure 76: The dwelling indoor temperature using natural ventilation only. Source: DesignBuilder simulations. 
 

Outdoor/Indoor Temperature & Discomfort hours- Dwelling unit 

 

Figure 77: Indoor temperature and discomfort hours after applying the DEC operation. Source: DesignBuilder 
simulations. 
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SUMMER MONTHS (MAY – SEPTEMBER) 

Simulation is run for the summer months from May to September. As the results in Table 54 show, the 
indoor climate temperature average is 24.2oC, and the relative humidity level is 26% in summer. 
Acceptable discomfort hours is 43.3 hrs that in relation to the low energy demands. As Figure 78 shows, 
the dwelling indoor temperature has increased in July and August. As indicated in Figure 79, the high 
outdoor relative humidity levels affecting negatively the cooling capacity of the HVAC system. In the 
ASHRAE-2005 psychrometric chart, cooling add dehumidification contributes 12.5% (1097 hrs/year) 
of the annual cooling in summer. Decreasing the indoor relative humidity could be achieved by 
increasing the outside airflow rates to balance the indoor humidity levels in the dwelling spaces. 

Air 
Temperature oC 

Relative 
Humidity % 

System Fans 
 kWh/m2 

Cooling  
kWh/m2 

Electricity  
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort  
hrs 

24.20 26.20 24.97 32.700 62.4 5.25 ac/h 43.34 hrs 

24.3 to 24.5oC 16.3 - 34.00 % 
0.42- 0.36 

m3/s 
- Lighting 4.7 

kWh/m2 
without nat. vent Per 6 

month 

Month May June July August September Average 

Energy 
Demand 12.00 12.00 12.8 13.2 12.3 

12.5 

kWh/m2 

Table 54:  The indoor climate and the monthly energy demands in summer months. Source: DesignBuilder 
simulations. 

ANALYSIS 

Simulation is run to examine the HVAC system performance in summer, winter, and mild months. The 

examination aims to minimize the discomfort hours in the dwelling unit to adjust efficient cooling 
operations. In winter (November-March), the internal heat gain and building thermal performance 
have minimized the heating loads to 246 hrs in winter, that by applying a natural ventilation setpoint 
of 24oC to reduce the discomfort hours. In summer (May-September), the average energy demand is 
62.4 kWh/m2 and the total discomfort hours is 43.3 hrs. Discomfort hours are only 1.18% of the total 

cooling hours in summer. In April, applying the direct evaporative cooling stage was enough to 
decrease the discomfort hours to 0.2 hrs. In October, the outside dry-bulb temperature is high, it is 
necessary to activate full-HVAC cooling to reach the indoor human thermal comfort. Applying a full-
HVAC system operation is important in October. The total energy demand of the HVAC system reaches 
10.4 kWh/m2 and the discomfort hours decreased to 4.9 hrs. 

April  
Cooling Design  

Air  
Temperature 

Relative  
Humidity 

(%) 

System 
Fans  

kWh/m2 

Cooling 

kWh/m2 

Water pump: 200 

W 

Total 
Electricity 

kWh/m2 

Mech Vent 
+infiltration 

Discomfort 
(hrs) 

Natural ventilation 25.54 37.70 - - 0.921 - 75.3 hrs 

Mixed mechanical vent. 25.72 35.50 3.00 - 3.930 3.0 ac/h 66.2 hrs 

Direct evaporative 
cooling  24.70 28.8 3.4 1.75 6.00 /month 1.7 ac/h 0.2 hrs 

Indirect evaporative c. 24.83 28.46 3.6 2.9 7.5 /month 2.16 ac/h 00.00 hrs 

Full HVAC operation 24.7 26.87 3.4 4.8 9.00 /month 1.36 ac/h 0.0 hrs 

Table 55: Comparison of different cooling techniques in April. Source: DesignBuilder simulations. 
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October  
Cooling Design 

Air 
Temperature 

Relative 
Humidity 

(%) 

System 
Fans 

kWh/m2 

Cooling 
kWh/m2 

Water pump: 200 

W 

Total 
Electricity 
kWh/m2 

Mech 
Vent+ 

Infiltration 

Discomfort 
(hrs) 

Natural ventilation 28.42 45.8 - - 0.952 Airflow: 
0.16 

218.9 hrs 

Mixed mechanical 
vent. 

26.95 47.7 2.5 - 3.4 16.95 ac/h 126 hrs 

Direct evaporative 
cooling  

25.4 40.7 4.00 2.00 7.00 /month 3.00 ac/h 8.56 hrs 

Indirect evaporative 
cooling 

25.9 39.38 4.2 3.5 8.70 /month 3.7 ac/h 20.9 hrs 

Full HVAC operation 25.30 37.8 3.9 5.5 10.40 /month 2.5 ac/h 4.9 hrs 

Table 56: Comparison of different cooling techniques in October. Source: DesignBuilder simulations. 

 

Summer Months 
Outdoor/Indoor Temperatures- Dwelling unit 

Summer months (1 May– 30 September-Hourly)  

  

 
Figure 78: The daily average of indoor temperatures in the dwelling unit in summer. Source: DesignBuilder 

simulations. 

Relative humidity & Discomfort hours - Dwelling unit 

 

  
Figure 79: the discomfort hours in the summer months and the relative humidity levels. Source: DesignBuilder 

simulations. 
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SUMMARY OF 
SECTION A 

In this chapter, the weather data of the Hurghada region is analysed to explore the adequate climatic 
adaptive techniques for the dwelling unit design. The governmental dwelling prototype has developed 
by applying the design strategies of the Egyptian building energy code (ECP 306-2005), the design 
strategies of ASHRAE-2005 and psychrometric chart guidelines. A pre-simulation was the first stage 
to examine the design of a new prototype, a significant enhancement in the building thermal 
performance occurs. The total cooling load of the new dwelling unit is 55.4% lower compared to the 
governmental prototype. Simulation confirmed the importance of installing the greenhouse unit on the 
building’ east-west façade, as minimal thermal heat transfer occurs between the building and the 
greenhouse units. 

The second development stage is to explore a cooling technique for the dwelling unit. Simulation run 
for a summer design week. The conventional cooling systems such as using mixed natural/mechanical 
ventilations are not sufficient to reach the human thermal comfort. Cooling using heat pump system 
provides high cooling capacity, but high-energy demand of 98.04 kWh/m2 is required in  summer 
season. Based on the design strategies of ASHRAE-2005, using direct and indirect evaporative cooling 
could contribute 57.6% of the buildings annual cooling in Hurghada. A stationary simulation is 
processed to examine the Direct Evaporative Cooling (DEC) and Indirect Evaporative Cooling (InDEC). 
Using the DEC increases the indoor relative humidity, thus using exhaust fans was essential to reduce 
the high humidity levels in the spaces. A two-stage evaporative cooling system consists of DEC pad 
(pre-treatment) and InDEC provides high cooling capacity. Simulations show that, the Indirect (Wet-
Coil) provides higher cooling capacity than the Indirect (CelDekPad) design. Applying a reversed-

InDEC design (TSEC-HVAC) has significantly improved the cooling capacity of the HVAC system. TSEC-
HVAC system has reduced the indoor temperature to 25.55oC and discomfort hours to 7.00 hrs/week.  

The third stage is to optimise the HVAC system design, divided into two parts: a) optimising the 
dwellings indoor climate and, b) optimising the HVAC system energy demand. The dwelling indoor 

climate has been significantly enhanced by applying a thermostat setpoint of 24oC, increasing the 
outside airflow rates and using exhaust fans. The discomfort hours of the dwelling units are reduced, 
the HVAC system energy is optimised by adjusting the size of rigid pad of DEC, airflow of the secondary 
fan of the InDEC stage. Applying Variable Air Volume (VAV) enhances the energy efficiency of the HVAC 
system. Adjusting the rigid pad to 0.6m2 area * 0.4m thickness reduces the discomfort hours to 5.00 
hrs/week. Decreasing the secondary fan’s airflow rate reduces the energy demand to 2.3 kWh/m2 (as 
20% lower) per week.  

The annual operation of the dwelling unit HVAC system is discussed. Simulations are run for the 
summer months (May-September), mild months of (April and October), and winter season. In April, 
applying only the direct evaporative cooling is enough to reach low discomfort hours and low energy 
demands. In October, the outside dry-bulb temperature is high reaching 35oC, it is necessary to use a 
full-HVAC system operation to reduce the discomfort hours. The energy demand reaches 10.4kWh/m2 

during October. In winter, the discomfort hours have significantly decreased in the warm winter days 
when a natural ventilation setpoint of 24oC is adjusted.
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CLIMATE PARAMETERS & GREENHOUSE DESIGN  

he Greenhouse design and indoor climate control are the main topics discussed in this section. The 
users shall be able to adjust the HVAC system operation and multi-functional greenhouse model. 
The closed-greenhouse model, for example suites the heat recovery in cold climates, visa-verse in 

hot climates, semi-closed or open-greenhouse should be implemented to avoid the indoor overheating 
problems. A development in the greenhouse material industry applied for the new pigment additives 
(Near Infrared Reflector-NIR). It able to keep passively, the indoor temperature in greenhouse 4oC 
lower than the ambient temperature. NIR is transmitting the PAR radiation and suppress the far-
infrared waves inside the greenhouse to keep it warm at the night times (S. Hoffmann, D. Waaijenberg 
2002b)(A. AbdelGhany et al. 2012).  

In the book “Second Nature Urban Agriculture”, H. Lee et al. (2014) have mentioned the design 
guidelines of the so-called ‘Self-sustaining cropping systems’ in Peri-Urban and rural hinterlands 
communities. They argue the integration of the protected aquaculture-hydroponic systems in the 
greenhouse models for food production (A. Viljoen, K. Bohn 2014). The greenhouse design itself was a 
combination of using a light soil bedding for vegetables and suspended hydroponic for crop plants as 
in Figure 80. A. Francesco et al. (2012) have investigated the benefit of using building-greenhouse 
integrated design. For heating in winter, it able to open the greenhouse in summer to avoid the 
overheating problems. Integrating the greenhouse into the building structure is not a common 
technique in North Africa because of the overheating dilemma. Building cooling is an energy intensive 
process, where waste heat and water vapour are produced and increasing the urban heat island. Using 
greenhouse in the building will contribute to the HVAC and the building efficiency, besides the food 
production. Applying open urban agriculture techniques in hot climates might face numerous problems 

regarding the harsh climate conditions, scarcity of water, and pesticide problems. 

The Food and Agriculture Organization (FAO) technical publication has also mentioned these problems 
and discussed the use of protected systems in urban areas. FAO publishing a detailed aquaponics 
technical issue, food production, and integrated farming for small-scale applications in the urban 
context. The issues present urban experiments of the integrated farming, suitable for the greenhouse 
design in hot-climates (C. Somerville et al. 2014) (A. Viljoen, K. Bohn 2014; Gorgolewski M. et al. 2011).  

The harsh climate of Red-Sea region and scarcity of resources require using passive and efficient 
systems for cooling, irrigation, energy, and construction. Climate adaptive techniques are necessary to 
assure the sustainability of the greenhouse. A preliminary greenhouse unit is designed as in Figure 81, 
for dimensions of 16m depth x 11m wide x 3m height. The Dimensions are adjusting the planting 
modular, in addition to adjust the backyard and urban design of the Egyptian housing prototypes. 

Rainwater harvesting has never been applied in the urban context in the Red-Sea because of the low 
perception rates. However, as Red-Sea inhabitants have mentioned the rainfall rates have significantly 
increased in the last five years in winter. The greenhouse surface design will contribute rainwater 
harvesting and save for crops irrigation purposes. The Design parameters and technical integration to 
the dwelling unit design are discussed and examined in details in the following sections.  

T 
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Figure 80: The integrated aquaponics-hydroponic system proposal for the urban and peri-urban communities. 
Source: A. Viljoen, K. Bohn (2014) retrieved from H. Lee. 

 

Figure 81: The greenhouse unit and design parameters for the simulation and examination in Part-B. Source: The 
researcher and design in DesignBuilder modelling.  
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AMBIENT CLIMATE & GREENHOUSE COOLING 

In the Red Sea climate, renewable energy potentials are promising in the Red Sea, as solar insolation 
and wind forces are high. The average daily global horizontal radiation in summer is 6861 W/m2 and 
4516 W/m2 in winter. High solar insolation is a potential for the low heat solar thermal applications 
and heating in winter. Wind speed average per month in summer is 6m/s, and 5m/s in winter. 
Nevertheless, the monthly relative humidity is low, reaches 36% in summer and 46% in winter, which 
is potential for the evaporative cooling techniques. The temperature difference between the day and 
night time is high enough to increase the potentials of water desalination by condensations potentials 
in the greenhouse.  

The average monthly dew point temperature is 7.5oC in winter and 13.5oC in summer. Reaching air 

saturation in the greenhouse is applicable as in the experimental seawater greenhouse projects 
mentioned in Chapter II. Based on ASHRAE psychrometric chart and Climate Consultant v.5.3 analyses, 
the heating and cooling techniques in Hurghada, greenhouse prototype design in Figure 81, are 
summarized in Table 57. Cooling in summer: limited passive cooling techniques such as natural 
ventilation, orientation, and passive envelope design. Numerous active cooling techniques such as 
direct and indirect evaporative cooling are covering 24.5% to 32.8% of the annual cooling loads and 
15.5% by fan-forced ventilations. Thus, evaporative cooling and mechanical ventilation techniques 
should be used applied in summer. Heating in winter: two main heating sources are recommended 
in winter: the internal heat gain 24% and passive solar direct gain 4.0% to 14.7%. Greenhouse design 
has a low thermal-mass envelope; solar thermal heat collection is occurred by the greenhouse effect of 
the closed-air cycle. 

No. Strategy % Technique Time /year 

1. Direct evaporative cooling 24.5 Cooling 2142 hrs 

2. Two-stage evaporative cooling 32.8 Cooling 2871 hrs 

3. Fan-forced ventilation cooling 15.5 Cooling 1361 hrs 

4. Internal heat gain 24.0 Heating 2101 hrs 

5. Passive solar direct gain low mass 4.0 Heating 353 hrs 

6. Passive solar direct gain high mass 14.7 Heating 1289 hrs 

7. Cooling add dehumidification if needed 12.5 Cooling 1097 hrs 

Table 57: Heating and cooling design techniques in Hurghada. Source: ASHRAE psychrometric chart & 
Climate Consultant v.5.3. 

GREENHOUSE CLIMATE 

This section provide a discussion for the greenhouse design in Figure 81. In the harsh summer climate, 

crop planting in aquaponics or hydroponic systems requires special cooling procedures. Careful 
selection for crops and fish farming types is necessary based on the indoor and water temperatures. In 
the temperate or tropical greenhouse climates, warm aquaponics systems provide suitable indoor 
climates. The ideal water temperature range for nitrifying bacteria growth is 17-34oC. Numerous fish 
types such as tilapia, common carp, and catfish are suitable for warm-water temperatures of 22-29oC. 
Numerous crops such as Asian cabbages, okra, and basil are growing in the warm-water hydroponics. 
These crops could grow in warm greenhouse climates with salinity, nutrient and temperature tolerance 
(C. Somerville et al. 2014).
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Greenhouse Climate Versions 

There are three greenhouse climate types, as following (Table 58): 

a) Temperate model: is a high relative humidity and low indoor temperature levels. This climate is 
suitable for crops as spinach, tomatoes, strawberries, lettuce, french beans, carrots, and tree sapling. 

b) Tropical model: is a greenhouse climate with very high humidity level and warm temperatures. It 
is suitable for growing crops are: aubergine, cucumbers, melons, pineapples, avocados, and peppers.  

c) Oasis model: the greenhouse is divided into two equal zones, temperate zone, and tropical zone. 
The last is an extension to the temperate planting zone (S. Sablani et al. 2003a). 

Greenhouse 
Climate Types 

Temp. Humidity Wet-bulb 
Temp. 

Light CO2 Plants 

Temperate 
model 

27-29o C 80-85 % 24-27oC sunlight 
(UV) /day 

Enriching Spinach, tomatoes, strawberries, lettuce, 
French beans, carrots, and tree sapling. 

Tropical model - - - 
sunlight 

(UV) /day 
Enriching Aubergines, cucumbers, melons, 

pineapples, avocados, peppers 

Oasis model - 80-85 % 24-27oC sunlight 
(UV) /day 

Enriching both 

Table 58: Greenhouse indoor climate versions for crop production. Source: (S. Sablani et al. 2003a) 

Temperate-Tolerance Crops  

Planting temperature-tolerance crops is necessary to save the cooling energy demands. The current 
research focuses on the greenhouse cooling techniques in summer. The greenhouse cooling setpoint is 
25-28oC to suit the crops production of  Table 59: 

Crops 
Types 

pH Temp. Min /Max 
Temp. 

RH % Plant 
Spacing 

Germinatio
n Time & 

Temp. 

Growth 
Time 

Roots 
Temp. 

Plant 
Height / 
Width 

Aquaponic
s 

Method 

Cucumbers 5.5–
6.5 

22–28 oC day 
18–20oC 

night 
- 70–90 

% 

30–60 cm 
(variety; 2–5 
plants/ m2) 

3–7 days 
20–30 oC 

55–65 
days 

- 
20–200 
/20–80 

cm 

Media 
beds; DWC 

Peppers 5.5–
6.5 

22–30oC day 
14–16oC night 

Min: 15 
Max: 30 

60-65 
% 

30–60 cm 
(3–4 

plants/m2, or 
more for 

small-plant 

8–12 days 
22–34 oC 

60–95 
days 

15-20 
oC 

30–90 / 
30–80 cm Media beds 

Eggplant 5.5–
7.0 

22–26 oC day 
15–18oC night 

Min : 9-10 
Max: 30-

32 

60-70 
% 

40–60 cm 
(3–5 plants/ 

m2) 

8–10 days 
25–30 oC 

90–120 days - 60–120/ 
60–80 cm 

Media beds 

Tomato 5.5–
6.5 

22–26 oC day 
13–16oC night 

Min: 15 
Max: 35 

- 
40–60 cm 

(3–5 plants/ 
m2) 

4–6 days 
20–30 oC 

50–70 days 
first harvest; 
fruiting 90–
120 days to 

8–10 months 

- 
60–180/ 
60–80 

cm 

Media beds 
/ DWC 

tolerance 
to salinity 

Beans & 
Peas 

5.5–
7.0 

22–26 oC day 
16–18oC night 

Min: 15 
Max: 35 

70–80 
% 

10–30 cm 
bush> 20–40 

plants/m2, 
climb>10–12 

p./m2 

8–10 days 
21–26 oC 

50–110 days 
to reach 
maturity 

- 

climbing
> 60–250 

bush> 
60–80cm 

Media bed 

 Table 59: Temperate-crops for the greenhouse units in Hurghada climate. Source: (C. Somerville et al. 2014). 

GREENHOUSE COOLING SYSTEMS 

P. Hamer and his team carried out a feasibility study to compare numerous greenhouses cooling and 
heating techniques for the average UK climate. They examined the evaporative cooling, vapour 
compression heat pump, natural gas combusted chiller, and hot water from CHP unit.  
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As in Figure 82, the simulation results (run from December to October) shows that the CHP unit, heat 

rejection, and evaporative cooling systems have the lowest energy consumption and CO2 costs (P. 
Hamer et al. 206). The UK climate conditions require high heating loads, in comparison to the North-
Tropical climates as in Egypt; the cooling load is a priority for the greenhouse design. W. ElMaghlany 
et al. (2015) has attained to achieve maximum solar energy capturing in winter by optimizing the 
greenhouse orientation and cover design in different regions in Egypt. The study results recommend 
orienting the greenhouse to the North-south axis for different climate regions in Upper Egypt. The 
study achieved supplementary free heating of 4.5Gj/ per m2 cultivated land, and saving 61.6$/season 

of heating energy.  

Evaporative Cooling 

The agriculture production quality of the greenhouse is better than the open cultivation fields. 

Greenhouse systems reduce the irrigation water demand and pesticide use besides increasing 50% of 
the crops yield (J. M-Blancoa et al. 2011). Natural ventilation is a limited passive cooling for the 
commercial greenhouses in hot climates. Evaporative Cooling systems (EC) reduce the greenhouse 
indoor temperature by adding humidity to the hot-arid air. EC system is commercially applied for 
cooling greenhouses and poultry farms (Sethi and Sharma, 2007a) (Dagtekin et al., 2009). The EC 

mechanism for greenhouses does not differ from the buildings cooling concept, rather bigger scale 
cellulose or Aspen pads placed at one side of the greenhouse and an extraction fan placed on the 
opposite side. EC provides substantial enhancing in the greenhouse indoor temperature, by minimum 
8oC lower than the ambient temperature. In the EC, water dripped by an irrigation pump on a 
permeable cellulose screen, the ambient air is cooled after passing through the moistened EC-pad and 
flow inside the greenhouse by the suction effect of the extraction fan. The cold supply air is mixed with 
the hot-humid air in the greenhouse which effect increasing the air turbulence and falls the air velocity, 

the plants rows affect minimizing the indoor air turbulence in the greenhouse (N. Castilla 2008). 

 

 

Figure 82: Comparison of numerous greenhouse-cooling systems in the UK. Source: (P. Hamer et al. 2006). 
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Water and Energy Balance 

The water and energy balance are necessary to optimize the greenhouse climate and the efficiency of 
HVAC system operation. Water plays an essential role in the evaporative cooling process. As the airflow 
rates increase, the water consumption in the cellulose pad is linearly increase. In the Almeria region in 
Spain for example, water demand is 146.3 liters/day/m2 when 0.1m cellulose pad thickness and the air 
velocity of 1.27m3/s are used for eight hours a day (Sabeh et al., 2007) (Franco et al., 2010). The water 
consumption and cooling capacity increased when the ambient air is dry. As Al-Helal (2007) has 
demonstrated, water demand in semi-dry climate averaged between 3.2 to 10.3l for meter square of 

greenhouse area using 0.15m cellulose pads while water consumption increased to 7.9-16.3 liter/1m2 
of greenhouse using 0.1m cellulose pad. The ECs delivers a controlled indoor greenhouse climate to 
increase the crops yield and extend the planting season. The significant increase in the crop production 
quantity and quality is compensating the increase costs of energy and water demands. As Katsoulas et 

al. (2009) have demonstrated that, the greenhouse total water demand is only 19% when the ECs used. 
The cold humid air reduces the crop’s evapotranspiration process by 31% and corresponding a 
reduction in the plants irrigation water needs. EC uses an average of 1/3rd to 2/3rd of the total water 
demand for cooling and irrigation compared to the conventional greenhouses, the fact which makes 
the use of evaporative cooling systems critical in the water scarce regions. Using seawater in the 

evaporative cooling pads is a practical solution for drought climates to discard the need of freshwater 
in cooling systems (Y. Al-Mulla 2006; R. Wolterbeek 2005; A. Al-Ismaili, H. Jayasuriya. 2015). Y. Al-
Mulla (2006) argued that, the Seawater Greenhouse technology (SWGH) needs more studies and 
development for the investment motivations and freshwater production. Energy consumption of EC is 
related to the fan operation capacity in the greenhouse. Optimization of the greenhouse cooling system 
is necessary; the high thicknesses and geometry of the EC cellulose pad raising the airflow resistance 
and work of the extraction fan (Franco et al., 2010). Applying passive shading reduces the indoor heat 

stress and decreases 8% of the greenhouse cooling energy consumption (Kittas et al., 2003)(Willits 
and Peet, 2000). 

Planting Climate Risks 

EC systems provide also simple operation and climate control; unlike the fogging systems, Direct 
Evaporative Cooling (DEC) system does not cause a problem of foliage wetting or water condensation 
on plans. However, negative considerations to EC are reported such as the high operation costs, the 
temperature informality in the greenhouse and the rapid temperature raising if electricity failure 
occurs. Figure 83 shows inadequate temperature distribution in a greenhouse using CFD (S. Hemming 
et al. 2010). Homogeneous temperature distribution should be achieved in the greenhouse space to 
secure the crops’ yield balance. Water wasting is also a negative aspect, as a continuous water bleeding 

is necessary to avoid blocking residue on the evaporative pad surfaces.    

DESIGN GUIDELINES 

For the building-greenhouse prototype in the current research, the greenhouse design should adjust 
the building’s rural urban context. As Figure 84 shows, placing the greenhouse unit between the 
dwelling units should assure facing the EC wall to the prevailing north winds (windward). This design 
configuration removes passively the heat and exhaust air from the greenhouse and dwelling units. The 
greenhouse unit area could be doubled when two dwelling’s backyard are connected as in Figure 84. 
Figure 85 indicates the use of air extraction vents and exhaust windows on the building leeward side 
to stimulate the airflow and cross-ventilation.  
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Figure 83: Temperature distribution in the greenhouse, CFD simulation. Source: (J. F-Velázquez et al. 2015). 

 

Figure 84: Airflow concept for the greenhouse and building. Source: The researcher based on the design guidelines. 

 

Figure 85: Planting rows in perpendicular to the cooling pad. Source: The researcher based the design guidelines. 
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A significant reduction in the greenhouse construction costs occurs when it integrates into the urban 

context. Minimal exterior structure elements are needed, besides the benefit of integrating the air, 
water, and HVAC networks. Water and air recovery are processed in the greenhouse unit. The following 
part is a review of the greenhouse design parameters, used as a guide for the building-greenhouse 
prototype. 

Multi-Tunnel Greenhouse Structures 

Multi-tunnel greenhouse structures (Figure 85) are suitable for evaporative cooling in Mediterranean 
climates. In 2006, the percentage of multi-tunnel structures have increased from 0.6% to 2.5% in 

South Spain  (A. Franco et al. 2011b). Large multi-tunnel greenhouses with the gothic roof are economic 
and become a trend in Japan for example (M. Kacira et al. 2004b). Multi-tunnel greenhouses provide 
flexibility in the greenhouse size and indoor design for separating climate or crop types, as applying 
temperate or tropical greenhouse version. 

Plants Arrangement in the Greenhouse 

Evaporative cooling causes a gradient increase in greenhouse indoor air temperatures. The cold supply 
air is mixed with the hot air in the planting area. The Expertise mentioned that, air temperature 

increases 0.56oC for every three meters shifting across the greenhouse. In summer, the airflow rate 
plays a significant role in cooling the greenhouse. The airflow and temperature distribution in the 
greenhouse are affected by the crops bench arrangement, envelope roof design, vegetation area, and 
the materials of the floor as concrete or bare soil (R. Bucklin et al. 2013) (S. Sase 2006) (Hernandez J. 
et al. 2006). In Florida (USA) the greenhouse temperature exceeds 37.7oC in summer, R. Bucklin et al. 
(2013) argue that, 70m maximum greenhouse depth is recommended, besides using roof baffles in the 
greenhouse longitudinal sides to deflect the airflow downward to the cropping zone. J. Harnadez et al. 

(2006) examined the effect of planting orientation on the greenhouse ventilation using roof vents and 
lateral wall. A greenhouse sized of 10*18m located in Granada in South Spain. The study concluded 
that, the planting row orientation does not affect the temperature and vapour pressure when the roof 
vents and end lateral wall are open applied in the design. 

Airflow Patterns & Air Tightness  

S. Sase (2006) and (M. Kacira et al. 2004a) used the CFD simulations to examined the effect of vents 
design configurations on the airflow rates and the crops canopy in a greenhouse. As Figure 83 and 
Figure 86 show, they demonstrated that using open-side vents on the windward and leeward sides are 
increasing the airflow rates across the greenhouse and the planting canopy. Applying evaporative 
cooling requires a high hermetic greenhouse design (high airtightness). The outside air should be 
cooled by passing through the evaporation pad to the greenhouse span until reaching the extraction 

fan on the leeward side (A. Franco et al. 2011b). Connecting the dwelling exhaust vents to the 
greenhouse design should be reviewed, as it reduce the airtightness of the greenhouse and increase the 
work of the HVAC system. 

EC Pad Standards 

The standard pads materials are corrugated cellulose, aspen wood excelsior, polyvinyl chloride PVC, 
and honeycomb paper. There are two installation types for the cooling pads in the greenhouse: vertical 
or horizontal attached pads. G Vox et al. (2010) mentioned that, horizontal pad is effective in cooling 
operation, while the vertical pads used commonly in the commercial greenhouses. The rigid porous 
cellulose pad is expensive in comparison to other types, it used widely in the Mediterranean region and 
provide effective cooling and long lifetime (ten years) when proper operation and maintenance applied.  



   Chapter III - B 

  

 116 

The geometric design of the cellulose pad and the dripping water make a resistance to the outside 

airflow rates into the greenhouse. The American Society of Agriculture and Bioengineers ANSI/ASABE 
Standards 2008: recommended two rigid pad thicknesses; 0.05-0.1m of Aspen fiber pad and 0.1-0.15m 
of porous cellulose pads (A. Franco et al. 2011b).  

Helmy A. et al. (2013) attained to use local Egyptian residual materials for the evaporative pad walls. 
The examined the following pad materials of: Cyerus Alternifolius (Purdy), Cryperus Alopecuroides 
Rottb (Samar), and Cyperus Rotundus (Nut-grass or Se’d) for two experimental greenhouse units each 
is 6m2 area. The results show that, the average cooling efficiency of 0.15m nut-grass pad is 88.4%, 

while Purdy and Samar materials were 83.1% and 79.6%, respectively. The greenhouse indoor 
temperature range was 20.5oC to 32.7oC, which is 1.1 to 13oC lower than the outside dry-bulb 
temperature.  

  

    

22-a 22-b 22-c 22-d 

 

Figure 86: Four different design configurations for side-vents and roof openings in the greenhouse. Source: 
drawing retrieved from(M. Kacira et al. 2004a) and  from (S. Sase 2006). 

Cooling Pad Installation in the Greenhouse 

The researchers in Kuwait examined the design of evaporative cooling pad into four experimental 
greenhouses units. They examined two positive fan pressure, one on the upper side and one on the 
bottom-side of the ECs as in Figure 87-b and Figure 87-d, respectively. Moreover, two alternatives of 
negative fan-pressure as in Figure 87-a, and Figure 87-c, respectively. The results of the experimental 
models show that, the negative pressure (low-vent) pad design (Figure 87-a) has the highest cooling 
efficiency of 81%. The low-vent positive pressure design (Figure 87-b) has an efficiency of 75%, then 
the design of (Figure 87-c) and (Figure 87-d) with an efficiency of 73% and 61%, respectively (Y. Al-
Mulla 2006) (M. Jamal et al. 2002). The cooling design of Figure 87-a is applied for the new BGp in 
Chapter IV as it commonly used in the commercial greenhouse designs. 
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Greenhouse Cover  

The greenhouse covers are produced out of three main materials: Fluoro-polymers, Polyethylene film 
(PE- film), and Acrylic (rigid sheets). There are two covering types have commercially used to filter the 
incident solar radiation on the greenhouses: a) Fluid-roof filter, where a liquid flow into a rigid double-
layer roofing material (Polycarbonate or acrylic) and, b) NIR- reflecting film covers, which is reflecting 
the Near Infrared radiation (NIR) entering the greenhouse. The covering material technology is still 
facing some limitations for greenhouse in the hot climates. Numerous properties are required for the 
greenhouse covering in the hot climates, as following: 

 High transmit to Photosynthetically Active Radiation (PAR) radiation flux  (400–700 nm), 

 high absorption  and reflection to the NIR radiations, 

 high mechanical resistance to tearing strength by THE wind damage, 

 high resistance to the harsh climatic conditions such as sandstorms and dust accumulations, 

 cost-efficiency, simple construction and long durability,  

 high air tightness for the closed greenhouse climates, 

 resistance against water drip-accumulation on the cover and avoiding of fungal growth, 

 resisting chemicals, high temperature, and UV degradations. 

NIR-Reflecting Pigment Additives 

NIR-reflection additives are used commercially in the greenhouse covering materials, produced in three 
different forms: a) Glass/Plastic transparent sheets, b) movable shading screens and plastic nets and, 

c) coating paint-whitening (Water-soluble powder). NIR pigments are added through the 
manufacturing processes to the covering polymers. The interference characteristic of the pigments is 
absorbing and reflecting the NIR radiations (Verlodt I., Verschaeren P. 2000). It transmit the PAR and 
the Far-Infrared (FIR) radiations and suppress the FIR waves to keep the heat inside the greenhouse 
for the night time (S. Hoffmann, D. Waaijenberg 2002a). The reflection efficiency of pigments applied 
on glasses is high reaching 50–70% and reduced by 25% when it applied on PE-films (S. Hemming et 
al. 2006). However, the pigments are not recommended for greenhouse applications in the hot climates, 
as it heats the cover up through absorbing the radiations and reemit the heat again into the greenhouse. 
Example products of new NIR-reflecting film products are mentioned in the annexes 3. Because of the 
high reflection of the NIR pigments to the NIR radiation, P. Sonneveld et al. (2010) have tested a 
greenhouse design using the NIR materials to produce electrical energy using PV cells, as shown in 
Figure 88 and Figure 89.  
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Figure 87:  Alternative design of EC in Kuwait climates. Source: retrieved from Y. Al-Mulla 2006; M. Jamal et al. 
2002. 
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Figure 88: The greenhouse parabolic roof design. Source:( P. Sonneveld et al. 2010). 

 

Figure 89: The PV tracking system and the greenhouse parabolic roof design. Source: (P. Sonneveld et al. 
2010). 

 

Figure 90: The greenhouse design and cooling technique. Source: The researcher based the design 
guidelines. 
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They shaped the greenhouse roof cover (NIR-reflecting film) as a parabolic curve to focus the radiation 

on a Concentrated Photovoltaic module (CPV). The electricity output is used to drive the evaporative 
cooling system (Pad-Fan system) or the water desalination unit. The greenhouse model saved 35% of 
the energy demand in comparison to the conventional models. The design provides a new perspective 
for the future self-sufficient greenhouse models (P. Sonneveld et al. 2006). 

Whitening NIR-Reflecting Pigments 

U. Mutwiwa et al. 2008 tested the whitening NIR pigments (Shading Paint-ReduHeat) as a coating 
paint for naturally ventilated greenhouse model in hot tropical climates in Thailand. The study results 

mentioned the positive effect of using NIR-reflecting pigments (ReduHeat) for the greenhouse in the 
hot climate regions. It transmitting the PAR and reflecting the NIR by the greenhouse roof. This 
technique is not recommended in winter as it drops the greenhouse indoor temperature (U. Mutwiwa 
et al. 2008; Hemming S. et al. 2006). 

Freshwater Recovery 

Water recovery is an additional technique to the greenhouse design correlated with issues such as 
limitation of freshwater resources, efficient water use, and water desalination. Water recovery requires 

applying closed or semi-closed air cycle in the greenhouse design. Buchholz M. et al. (2006) have 
achieved 75% saving water demand in a closed greenhouse prototype in Almeria. They achieved a 
controlled indoor climate and water recovery, but it increased the HVAC system primary energy 
demands. Watergy project utilised the temperature difference between the night-sky cooling and the 
air in the greenhouse to condensate the water vapour on the envelope surface. A. Al-Ismaili, H. 
Jayasuriya. (2015) have applied water production in the experimental SWGH (16m long *30m depth) in 
Muscat. They produced a fresh water average of 300-600 l/day of salinity <0.020 dS/m, the water 
volume was half of the irrigation water demand. They also save 67% of the irrigation water compared 

to open-field agro-system (S. Sablani et al. 2003b). Numerous researchers examined a two-layer 
greenhouse roofing to improve the air circulation using a shading elements or heat collector net. In 
SWGH project, a seawater condensation-coil is used to condense the fresh water from the greenhouse 
humid air. SWGH design requires two evaporative cooling coils to increase the air saturation to 
increase the water condensation efficiency. Applying water recovery is necessary for the greenhouse 
design in the water-scarce countries. 

Building-Greenhouse Prototype 

The current research got into account the commercial and the experimental greenhouse models applied 
in hot-arid climate. The BGp’s greenhouse unit in designed as two-row multi-tunnel unit placed 
between the housing units. The surrounding dwelling structures are used to decrease the greenhouse 
structure elements and cost. The urban context reduces also the wind pressure risks on the greenhouse 

structure. The roof vents are discarded from the greenhouse design to enhance the linear airflow via 
the north-south side-ventilation vents. The cold supply air flows through the pad-wall (windward side) 
across the greenhouse to the leeward vent at the southern wall. As in Figure 90-Figure 91, planting 
rows are arranged perpendicular to the evaporative wall to improve the cold airflow. Appling two-layer 
greenhouse design is examined through the simulation analysis to enhance the air circulation, the 
shading effect and water condensation possibilities in the greenhouse. Passive water condensate 
process is applicable when the humid air flows across the greenhouse upper and exchange temperature 
with the sky-night-cooling. The potential of using seawater for pad system will be considered in the 
greenhouse HVAC system design. Integrating the building and the greenhouse HVAC system increases 
the potential to cool the dwelling unit indirectly using seawater, besides limiting the use of freshwater. 
The greenhouse cover materials and applying shading are discussed in the simulation part-B at the end 
of Chapter III. 
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GREENHOUSE PROTOTYPE DESIGN 

The followings table provide the design parameters for greenhouse unit components. The greenhouse 
unit area is 96m2, placed on the dwelling backyard zone. The rest of the backyard area (56m2) is 
specified for other domestic uses such as: multi-function activities, a small workshop, livestock or 
poultry farming, and open-horticulture area. Figure 91 provide the greenhouse material properties and 
components. Theses parameters are used in the DesignBuilder simulations configurations in Section-
B. Annexes 1-2, provide more details for the greenhouse roof material as used in the simulation 
parameters. 

Note:  The greenhouse Simulation is processed without vegetation cover to determine the real effect 
of the HVAC cooling system on the greenhouse indoor temperature and relative humidity levels. 

Cover Materials 

External Walls Material:  

General Electric Company: 
Lexan XLDSC-IR: 4.47mm 
Total solar transmission 
SHGC: 0.516, 
Direct Solar transmission:  
0.316 (General Electric 
Company), 
Light transmission: 0.584 
U-Value: 5.514 W/m2-K. 
 
Roof Material 
Makrolon multi UV 2/6-6:  
Polymer glass-wall:  6mm 
light transmittance: 0.79 
U-Value: 3.7 W/m2-K. 

 

Construction 

Materials  

Lower-Side-Walls 
Material:  
Polycarbonates 
0.030m. 
U-Value: 3.125 W/m2-K 
R-Value: 0.320 m2-
K/W. 
 
Structure Elements:  

Wooden/ PVC 
Columns: 
0.15*0.15*3.2m 

Vertical support 
spaces: 3m. 

Interior Design Zones 
Two-Zone greenhouse:  
Lower Zone: planting 
area, 

Upper Zone: Air 
recirculation/ 
condensation. 

Construction 
Details 

Air Tightness:   
Constant rate 0.7 ac/h. 

Greenhouse Area 
Simulation applied  
without vegetation cover 

Area: 179m2, 
Used for Aquaponics or 
hydroponic commercial 
greenhouse applications. 

Air Circulation 
Lower Zone: planting 
cooling, 

Upper Zone: Air 
recirculation and 
freshwater 
condensation. 

Planting Area 
Planting rows: 
Perpendicular to the 
evaporative wall, 

Planting space: 
2m crops spacing. 

Water Uses 
Pad-Fan System: 
seawater used in the 
DEC and the 
Condenser coil. 

Figure 91: The greenhouse design configurations and components parameter, which used in the simulation stage. 
Source: The researcher based on the design guidelines, DesignBuilder, simulation parameters, and material 

properties. 
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HVAC DESIGN & SIMULATIONS  

A comprehensive examination for the greenhouse design and indoor climate are discussed in this 
section. The aim is to reach efficient energy and water demand for the HVAC operation. Different HVAC 
parameters, mentioned in the literature review, are examined to optimize the indoor planting climate. 
The HVAC system optimization is achieved by applying a climate adaptive operation schedules. 
Recycling of the waste water vapour and heat are necessary to increase the possibilities of freshwater 
production. 

SIMULATION STRATEGY  

The greenhouse indoor climate settings are varied than in the dwelling unit; two main climate types 
are applied in the greenhouse: temperate agro-system and humid agro-system. The greenhouse design 

fulfils the following points: a) controlling the indoor temperature to range of 25-30oC and relative 
humidity levels of range 60-90%, b) orienting the greenhouse to the prevailing wind direction to 
maximize the natural ventilation and evaporative cooling progress, and c) using seawater and/or 
brackish water in the evaporative cooling pads and condenser coils. Numerous Passive techniques are 
employed in the greenhouse design such as applying whitening techniques on the greenhouse covering, 
enhancing the roof design and the covering materials to minimize the transmittance of direct solar 
heat. Applying two-layer greenhouse roofing to stimulate the passive condensation of freshwater by 
the night-sky cooling. The HVAC system operation schedules are adjusted to the mechanical 
ventilation, cooling system and air circulation in the greenhouse. Applying water condensation is 

optional in the HVAC design. Table 60 and the following points present the design strategy and 
objectives of the greenhouse unit:  

 Adequate indoor climate to maximize the crop production the working labours. 

 Efficient energy demands, low waste energy and re-use for by-products, 

 Low demand of irrigation water, water management, and freshwater production. 
 

Greenhouse Passive techniques Active Techniques Combined Technique Advanced 

Type Mediterranean-
temperate Agrosystem 

Auxiliary cooling 
techniques 

Temperate –tropical 
climate versions 

Optimized 
Agrosystems 

Roof 
Passive roofing design 
(Two- roof zones) 

Using integrated (PV-
DHW) systems   

Integrated design 
techniques 

Integrated PV 
system 

Orientation Facing prevailing winds 
Wind turbine / exhaust 
vents - - 

Ventilation 
Natural ventilation/ 
Wind catchers 

Mechanical ventilation/ 
& air circulation  Climate adapted 

Solar Chimney 
Effect 

Cooling Cooling towers/ Night-
sky cooling 

Evaporative cooling 
using cold seawater  Adapted techniques 

Thermal Storage /  
Underground 
water 

Heating Greenhouse effect Domestic hot water  Combined techniques 
Solar pond / 
Storage 

Shading Self-shading / roof 
Whitening  

Shading / retracted 
elements  

Integrated PV 
systems 

Interior 
Design 

Two- zone greenhouse / 
air recirculation Forced air recirculation Combined techniques 

Shading using cold 
seawater screens 

Location-
based Energy 

East-west side  Connected air-cycle BGp Integrated schedule - 

Condensation Night-sky cooling Condenser coil Adaptive techniques - 

 Table 60: Simulation strategies for the greenhouse and HVAC design. Source: the Researcher. 
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PRELIMINARY SIMULATIONS  

The greenhouse is affect the dwelling total energy demands when it placed adjacent to it. The heat 
transferred through the walls or windows, is connecting the two thermal zone. The following 
simulation study examines the best greenhouse location to the dwelling unit. The greenhouse is placed 
to the north direction facing the wind direction, located at the dwelling’s backyard (east-west side). 
Two alternative connection for the greenhouse to the building: a) connection through an opaque wall 
with 0.04m polystyrene insulation layer, and b) connection through the opened windows or doors of 
the dwelling unit. Placing the greenhouse at the north-south sides has increase dwelling cooling loads 
in summer. As concluded in Table 61, the heat transferred from the greenhouse to the dwelling’s spaces 
through the wall and openings because of the pressure and temperature difference. 

Greenhouse 

Position Analysis 

Alternative greenhouse unit location to the dwelling unit 

North Side 0.0o South Side 180.0o East-West Side 

Components 
Opaque 
Wall 

Window 
Opening 

Wall 
Side 

2 Window  
50*112 

112*112 

Wall Side 
Window 

(60*100) Vent 

(40*40) 

Cooling kWh/m2 7.79 9.19 7.71 8.78 4.88 5.71 

Heating kWh/m2 1.80 1.82 1.80 1.84 1.70 1.73 

Greenhouse position to 
the dwelling unit 

   

 Table 61: Alternative locating of the greenhouse unit adjacent to the dwelling unit. 
Source: DesignBuilder v4.2 simulations. 

Rooftop Green Cover: The research compares the dwelling flat roof with and without a green cover, 
and with a rooftop greenhouse unit (7.5width*7.50length*2.6height). The analysis examine applying 
planting cover in the greenhouse. The results in Table 62 indicated that, the greenhouse has increased 
the cooling load to 16.76 kWh/m2 for a summer design week. Planting the rooftop has the best influence 
in building heating and cooling loads performance. The green cover works as a humid-cold pad for the 
building roof and provide self-shading effect. 

Roof Type Analysis 
Normal Flat Roof Normal Flat Roof 

+ Greenhouse 
Planted Green 

Roof 
Green Roof+ 
a Greenhouse 

Components 

0.02 White plaster 

0.02 Concrete tiles 

0.3 Sand bed 

0.05 Concrete 

0.025 Polystyrene 

0.01 Bitumen 

0.12 R. Concrete 

(2%) 

0.02 White plaster 

0.02 Concrete tiles 

0.3 Sand bed 

0.05 Concrete 

0.025 Polystyrene 

0.01 Bitumen 

0.12 R. Concrete 

(2%) 

0.5 Plants 

0.15 Soil 

0.02 Concrete tiles 

0.02 Concrete 

0.025 Polystyrene 

0.01 Bitumen 

0.12 R. Concrete 

(2%) 

2.6 Glass house 

0.5 Plants 

0.15 Soil 

0.02 Concrete tiles 

0.02 Concrete 

0.025 Polystyrene 

0.01 Bitumen 

0.12 R. Concrete 

(2%) 

Cooling kWh/m2 4.41 14.76 3.73 14.62 

Heating kWh/m2 1.77 2.82 1.45 2.54 

* Simulation for a 

summer design week 

Table 62: Effect of the roof design on the building’s thermal performance. Source: 
DesignBuilder v4.2 simulations. 
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Based on the results of Table 62 and Table 61, three design strategies for the greenhouse are suitable 

for the building-greenhouse design. First, installing the greenhouse unit on the east-west side adjacent 
to the dwelling unit. The services rooms are function as a buffer zone between the conditioned rooms 
and the greenhouse, which avoids the thermal heat transfer from the greenhouse into the dwelling 
spaces. Second, facing the greenhouse’ northern wall to the prevailing wind to enhance the evaporative 
cooling process, the cross-ventilation, and the night cooling techniques. The suction effect by 
greenhouse cooling system will be utilised to evacuate the heat and exhaust air from the dwelling unit. 
Third, applying a green rooftop would enhance the building thermal performance when a flat roof is 

applied. 

PASSIVE TECHNIQUES  

In the mild climate of Mediterranean regions, passive techniques are applied in the greenhouse 
agrosystems cooling (N. Castilla 2008). The dry-bulb temperature in Red-sea region is high in summer 
and fall months. Natural ventilation is a limited cooling for the semi-closed greenhouse design, requires 
open-air circulation design. Efficient water demand and climate adaptive design could not achieve in 
the open agro-systems. Simulation examine using the passive cooling system through a typical 
summer week (from 27 July-2 August). The ambient temperature average is 35oC at noontime and 
27.4oC at night.  

Note: Simulations is run for a greenhouse unit without indoor vegetation cover, that to determine the 
HVAC system cooling capacity and effect on the greenhouse indoor climate. 

NATURAL VENTILATION 

Natural ventilation is examined for cooling the greenhouse unit in summer. It was clear that the indoor 

temperatures would exceed the required setpoint temperature for crop productions. As in Figure 92, 
the indoor air temperature exceeded 40oC in the greenhouse. Natural ventilation could not be a solution 
for summer days. The air relative humidity is lower than the ambient levels, the greenhouse effect 
increasing the air temperature and volume to absorb the water vapour in the humid-air. 

ACTIVE TECHNIQUES 

Simulation is processed using numerous active cooling techniques; the simple mechanical ventilation 
and the compact HVAC configurations. The conventional active cooling systems examined in this 
section to compare the cooling capacity of each alternative. Operation schedules are applied to control 
the greenhouse indoor climate, air vents opening, and air recirculation at night for water production.  

MECHANICAL VENTILATION 

For a typical summer week, mechanical ventilation reduces the greenhouse indoor temperature to 
levels close to the outdoor dry-bulb. The air exchange average is 15.2 ac/h to decline the temperature 
in the greenhouse. The energy demand was high reaches 2.00 kWh/m2 for a typical summer week. 

Air 
Temperature oC 

Relative 
humidity % 

System Fans 
kWh/m2 

Lighting Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

33.36 35.00 1.7 0.297 2.00 15.22 ac/h 

Min. 27 to 40oC Min 22.7 to 52.4 % max 3.16 m3/s - for 7 summer days without natural vent 

Table 63: Simulation results of using the mechanical ventilation. Source: DesignBuilder v4.2 simulations. 
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As Table 63 shows, the average day temperature is 33.4oC and the indoor temperature at the noontime 

reaches 40oC. Because of the high changing rates, the air relative humidity is decreased to 34%. 
Mechanical ventilation (open-cycle) increases the plants irrigation water demands, indoor overheating 
and losses of water vapour, the reasons that are inadequate for cooling the greenhouse. 

MIXED MECHANICAL AND NATURAL VENTILATION 

A setpoint cooling temperature of 25oC is applied to examine the mixed natural/mechanical cooling 
ventilation. The fan operation is adjusted for cooling the greenhouse at the daytime only. The 
simulation results in Table 64 shows that, mixed cooling is also an inadequate design. The greenhouse 
indoor temperature reaches 37.7oC at the noontime. Neither plants nor the labour working in the 
greenhouse could tolerate the high indoor temperatures as it cause damages in the plant’s flowers 
and/or drought of plants. Low humidity levels in the greenhouse increases the plants demand of 

irrigation water.   

Air Temperature oC Relative 
humidity % 

System Fans 
kWh/m2 

Lighting Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

32.4 36.6 1.6 0.297 1.9 35.6 ac/h 

Min. 28.25 to 37.6oC Min 28.8 to 49.12% max 5.8 m3/s - for 7 summer days with natural vent 

Table 64: Simulation results of using mixed mechanical and natural ventilations. Source: DesignBuilder v4.2 
simulations. 

HEAT PUMP 

Using a heat pump for cooling the greenhouse is not applicable for Agrosystems in the Middle East. 
However, heat pump system is examined to compare the results with the alternative HVAC designs. 

The Heat pump system kept the greenhouse indoor temperature in a constant of 30oC as the setpoint 
adjusted. As Figure 93 shows, the energy demand reaches 6.2 kWh/m2 for a typical summer week, 
cooling electricity demand is 4.5 kWh/m2, pumping system of 1.3 kWh/m2, and airflow was 3.2 ac/h. 
Using heat pump system is expensive either for the initial and/or the operation costs. 

FOGGING SYSTEM (SPRINKLERS NOZZLES) 

Cooling by fogging is one of the common techniques in the commercial greenhouses. Applying 
sprinkles nozzles to HVAC design is examined with an indoor relative humidity setpoint of 80%. The 
capacity of sprinkler nozzles system is 0.5 l/s and water pumping of 500W are applied. As Table 65 
shows, the air temperature reaches 41oC at the daytime, which is very high for the crop production in 
the greenhouse. The disadvantage of the fogging system lies on the high fresh water required for the 
sprinkler nozzles, reaches 72.1 m3 per week. As Figure 94 shows, the indoor temperature is high 

reaches 40oC at the daytime. The energy demand required for the circulation fan is 3.4kWh/m2.  

The system initial cost is high, as it require installing a water storage tank, water pumps, and nozzles 
maintenance. On one hand, applying water recovery could help reducing the water demand, but higher 
energy load is required. 

Air 
Temperature oC 

Relative 
humidity % 

System Fans 
kWh/m2 

Auxiliary 
energy 

Lighting Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

34.70 70.00 3.00 0.133 0.207 3.4 34.9 ac/h 

Min. 28.7 to 41oC Min 61 to 
87.4% 

Autosized 
(max 5.9 m3/s) 

500W - for 7 summer 
days 

With natural 
vent. 

Table 65: The greenhouse simulation using the fogging HVAC system. Source: DesignBuilder v4.2 simulations.  
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Natural/ Mechanical Ventilation 
Indoor Temperature- Greenhouse  

27 July – 2 August-Hourly 

 

Airflow In/Out- Greenhouse Unit 

 

Figure 92: Greenhouse indoor temperature using natural ventilation. Source: DesignBuilder v4.2 simulations. 

Heat Pump System 
Indoor Temperature- Greenhouse  

Figure 93: The greenhouse cooling using a heat pump setpoint of 30oC . Source: DesignBuilder v4.2 
simulations. 

Fogging System 
Indoor Temperature- Greenhouse  

 

Figure 94: Greenhouse indoor climate by applying fogging cooling system. Source: Simulation using DesignBuilder 
v4.2. 
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DIRECT STAGE EVAPORATIVE COOLER 

Direct Evaporative Cooling (DEC) is a thermodynamic process which a synchronous heat and mass 
transfer occur. The system consists of a rigid evaporative cooling pad and a water-pumping unit. DEC 
is an adiabatic cooling process as indicated in Figure 95. Air cooling in the psychrometric chart in a 
constant enthalpy from A to B. The evaporative pads cools the outside air by adding moisture to the 
air, the air temperature reduced to wet-bulb temperatures. DEC system is suitable for the climate of 
Hurghada, where adding humidity to the air is acceptable. Based on Psychrometric chart, the direct 
evaporative cooling system could cover 25.8% (2256 hrs/year) of the annual cooling loads. A fans 
blower is required to circulate the air across the greenhouse evaporative pad.  

 
(a)                                                       (b) 

Figure 95: a) Direct evaporative cooling (CelDekPad), b) adiabatic process in the psychometric 
chart. Source: DesignBuilder HVAC manual (DesignBuilder Software Ltd 2016a) in 04.2015. 

System Specifications  

HVAC system is configured as Constant Air Volume (CAV) and ‘Autosized’ fan operation based on the 
cooling capacity required for the greenhouse. The HVAC system specifications and simulation 
parameters are mentioned in Table 66 and Figure 96. A cooling setpoint of 25oC and setback 
temperature of 28oC is applied. Natural ventilation operation is adjusted to 30oC in the simulation 
process. Alternative sizing for the HVAC system components is discussed in the section ‘HVAC 
Optimization.' 

Typical Summer Week Simulation:  

Simulation results in Table 67 compare using the 
Constant Air Volume (CAV) and the Variable Air 
Volume (VAV) in the greenhouse cooling. The 
Simulation results in Table 67 emphasised that, 
the VAV operation provides efficient energy 
demand. The greenhouse temperature average 
reaches 23.3oC and maximum of 31.3oC at the 
noontime.  

Air Loop Main Fan Evap. Cooling 
pad 

Autosized min. 0.0 to 
3.3 m3/s 5.00m2*0.2 m 

Constant 
Volume 

70% 
Efficiency & 
600pa 

water pump: 200 
W 

Table 66: System configurations of the direct 
evaporative cooling. Source: DesignBuilder v4.2 HVAC 
settings. 
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Applying a high natural ventilation setpoint assures closing the greenhouse openings when the 

greenhouse temperature is lower than 30oC. As shown in Figure 97, the fan operation is fluctuated 
between 6.6 W/m2 at night and increased to 15.6W/m2 at the daytime. The DEC system achieves the 
desired cooling and relative humidity levels needed for the crop production. The total energy demand 
is ranged between 3.3-2.7 kWh/m2. The next section “HVAC Design Optimization” Provide further 
development to the HVAC system and operation energy.  

Constant Air Volume 

Air Temp. oC 
Relative 

humidity 

System Fans 

kWh/m2 

Cooling 

kWh/m2 

Lighting 

kWh/m2 

Total Electricity 

kWh/m2 

Mech. Vent+ 

Infiltration 

26.57 69.3 2.7 0.188 0.297 3.3 25.0 ac/h 

Min. 23.3 to 31C Min 56.9 to 81.6% (max 3.5 m3/s)   with natural ventilation 

Variable Air Volume 

27.12 68.8 2.2 0.188 0.297 2.7 20.42 ac/h 

Min. 25 to 31.3C Min 58.6 to 56.9% (max 3.5 m3/s) pump: 200 W - 
for 7 summer 

days 
With natural 

vent. 

Table 67: Compare using the CAV and VAV in DEC cooling design. Source: DesignBuilder v4.2 simulations. 

ANALYSIS 

A comparison analysis for the cooling alternative systems and the energy demands is discussed in this 
section. As Table 68 shows, passive cooling is not adequate cooling for the greenhouse indoor climate, 
as higher than 30oC in summer. The active cooling systems provide a suitable indoor greenhouse 
climate. Fan system energy is the main factor affecting the cooling energy demand, whether for the 

mechanical ventilation or the DEC system. DEC is an efficient cooling system; as 2.00 kWh/m2 is only 

required for a typical summer week. DEC provides high cooling capacity and low operation energy in 
the summer season and mild months (April and October). 

Cooling 
Performance 

Air Temp. oC RH % System Fans Cooling 

kWh/m2 

Lighting Total Electricity Mech. vent+ 

min. max. min. max. kWh/m2 kWh/m2 kWh/m2 Infiltration 

Heat Pump 
29.85 40.54 1.26 4.6 0.161 6.2 3.21 ac/h 

28.76 30.00 37.12 49.70 max 3.79 m3/s pump: 200 W    

Natural 

ventilation 

32.23 38.72 - - 0.279 0.279 - 

39.3 26.8 26.8 54.7     - 

Mechanical 
Ventilation 

33.36 35.00 1.7 - 0.297 2.00 15.22 ac/h 

27 40.00 22.7 52.4 max 3.16 m3/s  Summer week/ with natural vent. 

Mixed Ventilation 
Natural Vent.: 25oC 

32.4 36.6 1.6 - 0.297 1.9 35.6 ac/h 

28.2 37.6 28.8 49.1 max 5.8 m3/s  
for a summer week/ With natural 

vent. 

Direct 
Evaporative Pad 

27.12 68.8 2.2 0.188 0.297 2.7 20.42 ac/h 

25.00 31.3 58.6 56.9 max 3.5 m3/s pump: 200 W Summer week/ with natural vent. 

Fogging System 
Variable airflow  

34.70 70.00 3.00 0.133 0.279 3.4 34.9 ac/h 

28.70 41.00 61 87.4 max 5.9 m3/s pump: 500 W Summer week /with natural vent. 

 Table 68: Comparison of HVAC system alternatives. Source: DesignBuilder v4.2 
simulations. 
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Figure 96: Designing the HVAC system using a direct evaporative cooling pad (CelDekPad). Source: 
Detailed HVAC design model, DesignBuilder v4.2. 

Direct Evaporative Cooling System 
Indoor Temperature- Greenhouse  

27 July – 2 August-Hourly 

 

 

Indoor Temperature- Greenhouse  

Figure 97: High-energy demand and low indoor temperature by applying the CAV operation. Source: 
DesignBuilder v4.2 Simulations. 

Greenhouse 

Space 

Thermostat 

Air handling Unit 

Direct Evaporative Pad 
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HVAC DESIGN OPTIMIZATION 

HVAC system optimization plays a significant role in reducing the initial and operational costs. In this 
section, numerous HVAC alternative components examined to achieve efficient HVAC operations. In 
addition to examine the greenhouse climate versions as temperate or tropical planting versions. 

DESIGN OBJECTIVES 

Optimizing HVAC direct evaporative cooling design aims to enhance the cooling performance, indoor 
climate, energy efficiency, and possibilities of water production. The following are the main objectives 
considered in the optimization processes: 

 Low HVAC energy demand and efficient operation schedule, 

 minimize the waste energy and fresh water production, 

 optimal indoor climate and maximize the crop productions, 

 provide climate adaptive operation and design techniques, 

 minimize the irrigation water through using seawater water, 

 simple operation schedule (manual operation), 

 suitable indoor climate for the working labours. 

ADJUSTING THERMOSTAT SETPOINT 

The thermostat cooling setpoint is used to control the greenhouse indoor temperature, cropping 

versions and HVAC operation. Low cooling thermostat setpoint requires high-energy demand. The 
research examines in Table 69 two thermostat setpoint: a) setpoint of 25oC and setback temperature 
of 29oC, b) setpoint of 28oC and setback temperature of 30oC. The setpoint temperature 28oC is suitable 
for tropical operation, where low airflow, warm temperature, and high humidity levels required for 
specific crops (S. Sablani et al. 2003b).  

Setpoint at 25oC: DEC-HVAC system kept the greenhouse indoor temperature close to 25oC. The 
energy demand reachs 2.6 kWh/m2 as the fan airflow rate reduced to 3.5m3/s. Simulation chart in 
Figure 98 shows the high-energy demand of HVAC through the daytime and lower cooling load at night. 

Setpoint at 28oC: higher setpoint temperature of 28oC is suitable for tropical greenhouse climate as 
mentioned before in Table 59. This operation has a low energy demand when a high setback 
temperature is adjusted as Figure 99 shows. This operation increases the water vapour concentration 

in the greenhouse air and provide suitable indoor temperatures. Using operation setpoint of 28oC is 
recommended when energy saving is necessary. 

Thermostat 
Setpoint 

Air Temp. oC RH % 
System Fans 

kWh/m2 
Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech Vent+ 
Infiltration Min. Max. Min. Max. 

Variable Airflow  
Setpoint: 25oC / 28oC 

26.28 69 2.1 0.188 0.297 2.6 18.19 ac/h 

23.3 30.9 56.2 82.00 max 3.5 m3/s     

Variable Airflow  
Setpoint: 28oC/ 30oC 

26.90 67.2 1.4 0.188 0.297 1.91 13.00 ac/h 

23.22 32.6 51.3 82.3 max 2.3 m3/s     

Table 69: Comparing thermostat setpoint of 25& 28oC. Source: DesignBuilder v4.2 simulations. 
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SIZING EVAPORATIVE PAD 

The pad size could affect the cooling capacity and airflow rates of the HVAC system. As the simulation 
in Table 70 shows, the bigger pad thickness reduces the air temperature. Increasing the pad surface is 
affect increasing the heat exchange with the supply air. Minimizing the pad area to 2.5m2 has limited 
impact on the air temperature and humidity levels in comparison to the pad area of 5.00m2 of the same 
thickness. The pad area of 5m2 and 0.15m is adjusting the Standards of the American Society of 
Agriculture and Bioengineers ANSI/ASABE (2008).  

Evaporative Pad 
Sizing 

Air Temp. oC RH% 
System Fans 

kWh/m2 
Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech Vent+ 
Infiltration Min. Max. Min. Max. 

Area: 5.00m2 (1*5m) 

Thickness: 0.1 m 

26.63 66.5 2.1 0.188 0.297 2.6 18.8 ac/h 

23.4 31.5 53.2 80.5 max 3.5 m3/s     

Area: 5.00m2 (1*5m) 
Thickness: 0.15 m 

26.23 69.1 2.06 0.188 0.297 2.54 18.12 ac/h 

23.22 30.9 56.1 78.7 max 3.5 m3/s     

Area: 5.00m2 (1*2.5m) 

Thickness: 0.2 m 

25.9 71.3 2.0 0.188 0.297 2.49 17.55 ac/h 

23.04 30.45 58.7 83.6 max 3.5 m3/s     

Area: 2.5 m2 (1*5m) 

Thickness: 0.1 m 

27.23 62.8 2.25 0.188 0.297 2.7 19.9 ac/h 

23.6 31.0 48.8 79.2 max 3.5 m3/s     

Area: 2.5m2 (1*2.5m) 
Thickness: 0.15 m 

26.7 66.3 2.14 0.188 0.297 2.63 18.9 ac/h 

23..37 30.3 52.5 77.5 max 3.5 m3/s     

Table 70: Sizing the evaporative pad in relation to HVAC performance. Source: DesignBuilder v4.2 Simulations. 

SIZING AIRFLOW 

A default (Autosized) fan operation is adjusted for the HVAC system. The low airflow rate reduces the 
cooling capacity and raising the greenhouse indoor temperature and humidity levels. Reducing the 
airflow rates and pressure play a vital role in reducing the energy demand. As in Table 71, a comparison 
of various airflow rates and cooling setpoint are adjusted to the HVAC operation. Using a Constant Air 
Volume (CAV) has an energy demand of 3.3 kWh/m2. The greenhouse temperature ranged between 
24.5oC-31.31oC in peak hot summer days. Variable Air Volume (VAV) decreases the energy demand at 
the noontime and provides the same cooling capacity of the CAV in summer. As shown in Figure 100, 
the airflow rate of 2.3m3/s increases the indoor temperature to 32.6oC and reduce the energy demand 
to 1.9 kWh/m2. Applying low airflow operation could be applied when energy saving operation is 
needed for the crop productions in the greenhouse. 

Airflow 
Air Temp. oC RH % System Fans 

kWh/m2 
Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech. 
Vent+ 

Infiltration Min. Max. Min. Max. 

Constant flow: 3.5m3/s 

Setpoint/setback 25-

28oC 

26.57 69.34 2.8 0.188 0.297 3.3 25.9 ac/h 

24.5 31.31 56.96 81.65 flow: 3.5 m3/s   with natural vent. 

Variable flow: 3.5 m3/s 

Setpoint/setback 25-

28oC 

27.12 68.8 2.2 0.188 0.297 2.7 20.42 
ac/h 

25.00 31.3 58.6 56.9 max 3.5 m3/s 
pump: 200 

W 
 with natural vent. 

Variable flow: 2.3 m3/s 

Setpoint/setback 25-28oC 

26.90 67.2 1.4 0.188 0.297 1.91 13.00 
ac/h 

23.22 32.6 51.3 82.3 max 2.3 m3/s   for a summer typical 
week 

Table 71: Comparison of the indoor climates using alternative airflow rates. Source: DesignBuilder v4.2. 
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SIZING NATURAL VENTILATION 

Natural ventilation cooling could significantly minimize the greenhouse HVAC cooling energy when 
the ambient dry-bulb temperature is lower than the indoor temperature. Applying natural ventilation 
is required essentially for the mild climates in autumn and spring seasons. It affects the indoor 
temperature and humidity levels when a thermostat setpoint higher than 30oC adjusted, allow the cold 
outdoor air to flow into the greenhouse. As in Table 72, applying natural ventilation decreased the air 
tightness of the greenhouse. Air change value has increased to 21.5 ac/h compared to 17.7 ac/h in the 
closed cooling cycle. The HVAC-fan operation is elevated to compensate the drop in cooling capacity. 
The fan energy has increased from 1.9 kW/m2 to 2.14 kW/m2. 

Natural 
Ventilation 

  Air Temp. 
oC RH % System Fans  

kWh/m2 
Cooling  
kWh/m2 

Lighting  
kWh/m2 

Total 
Electricity  
kWh/m2 

Mech Vent+  
Infiltration 

Min. Max. Min. Max. 

Variable airflow 25oC 
with Natural Vent  

26.15 68.87 2.14 0.188 0.243 2.57 21.49 

22.6 31.24 55.75 83.5 Airflow 3.16 
m3/s     

Variable airflow 25oC 
without Natural Vent  

26.5 66.34 1.9 0.188 0.243 2.3 16.55 

23.5 31.23 55.3 78.9 3.1-1.72 m3/s     

Table 72:  Greenhouse indoor climate with and without natural ventilation. Source: DesignBuilder v4.2 
Simulations. 

SHADING, WHITENING AND COVER MATERIALS 

This part discusses the effect of changing the greenhouse cover materials on the cooling loads. Three 
different alternatives for the greenhouse materials are presented: a) using cover whitening, b) applying 

external shading screens and, c) applying normal solid metal roofing. 

Applying Roof Whitening 

As mentioned in the literature review, roof whitening is a common technique used to minimize the 
greenhouses indoor overheating in summer. Whitening is a cheap pigment sprayed on the greenhouse 

roof to decrease the transmittance of Near-Infrared radiation (NIR), reduces the solar radiation 
transmittance up to 30%. A simulation processed to use whitening on the greenhouse roof as in Figure 

101. For the simulation, the roof material specifications are multiwall polycarbonate sheet of 0.06m 
(Makrolon multi UV 2/6-6), 44% light transmittance value, and U-Value of 3.7 W/m2-K. The results in 
Table 73 shows that, applying whitening cover has significantly decreased the HVAC cooling loads to 
1.85 kW/m2 compared to 2.3 kW/m2 for standard covers. Applying whitening is critical to reducing the 
greenhouse-cooling load in the Red Sea region because of the additional costs and maintenance 

required. 

Temperature 
Fluctuation 

Air Temp. RH % System Fans 

kWh/m2 

Cooling 

kWh/m2 

 

Lighting 

kWh/m2 

Total 

Electricity 

kWh/m2 

Mech. 

Vent+ 

Infiltration 
Min. Max. Min. Max. 

Greenhouse 
with Whitening  

26.5 68.51 1.42 0.188 0.243 1.85 12.67 

23.6 30.87 56.4 80.7 2.33-1.72 m3/s 
Water pump: 

200 W 
  

Greenhouse  
(Base design) 

26.5 66.34 1.9 0.188 0.243 2.3 16.55 

23.45 31.23 55.3 78.9 3.1-1.72 m3/s     

Table 73: Indoor temperature as using whitening pigment on the glass cover. Source: DesignBuilder v4.2 
Simulations. 
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Electricity- Greenhouse Operation Setpoint 25oC 
27 July – 2 August-Hourly 

 

Figure 98: High-energy demands for operation setpoint 25oC. Source: Simulation using DesignBuilder v4.2. 

 

 Greenhouse Operation Setpoint 28oC 
Electricity 

27 July – 2 August-Hourly 

 

Figure 99: Low energy demand for HVAC operation setpoint 28oC. Source: DesignBuilder v4.2 Simulations. 

Sizing Airflow - VAV - Setpoint 28oC  

 Indoor temperature  

 

 

Figure 100: VAV cooling at 28oC (airflow 2m3/s) increases the indoor temperature. Source: 
DesignBuilder v4.2 simulations. 

  

Figure 101: Applying whitening on the greenhouse roof 
cover. Source: DesignBuilder v4.2 Visualisation. 

Figure 102: Applying the shading elements on the 
greenhouse envelop elements. Source: DesignBuilder 
v4.2 Visualisation. 
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Applying Shading Elements 

Adding external shading on the greenhouse cover has discussed in numerous research studies. 
Applying shading on the greenhouse façades is beneficial to minimize the cooling loads in summer. 
The simulation examined applying shading elements to reduce the HVAC cooling operation. As in Figure 

102, horizontal shading screen is applied on the vertical greenhouse facades, while a vertical shading 
screen applied on the greenhouse pitch roof (not shown in DesignBuilder Visualization). The 
simulation results in Table 74 shows a significant reduction in the greenhouse-cooling load when 
exterior shading added. HVAC system is operated to keep the greenhouse temperature below 26.5oC, 

the fan operation energy decreased to 1.9kWh/m2 compared to 2.3kWh/m2. However, applying fixed 
or removable shading screens is facing numerous criteria such as: a) the high cost of the shading 
screens, b) the reduction of the solar light transmittance (PAR: 400–700 nm) and affect negatively the 
plants productivity, c) more maintenance is needed for the installation and de-installation of screens 

in winter. Therefore, external shading screen is generally not recommended for the commercial 
greenhouse production.  

Temperature 
Fluctuation 

Air Temp. RH % System Fans 
kWh/m2 

Cooling 
kWh/m2 

Water pump: 200 W 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech Vent+ 
Infiltration Min. Max. Min. Max. 

Greenhouse with 

Shading 

26.5 68.5 1.5 0.188 0.243 1.89 12.9 

23.4 30.9 56.44 81.4 2.4-1.71 m3/s    

Greenhouse without 
Shading 

26.5 66.34 1.9 0.188 0.243 2.3 16.55 

23.45 31.23 55.3 78.9 3.1-1.72 m3/s     

Table 74: Greenhouse temperature with and without the external shading. Source: DesignBuilder v4.2 
Simulations. 

Using as a Multi-Space 

This simulation examines a design for a general 
warehouse instead of the greenhouse unit. The 
space volume could be use for another multi-
purposes or small workshops. As in Figure 103, 
the space roof design is changed to the following 

parameters: a) single wall thickness of 0.15m for 
external walls, b) metal roof, c) insulation layer 
of 0.04m extended polystyrene and d) strip sky-
roof openings and side windows for the natural 

lighting and ventilation. Vents are designed to 
the northern-south for the natural ventilation 
cooling at night times. After simulating the 
cooling design for the new building envelope, an 
airflow value of 1m3/s is required as a peak 
cooling capacity.  

Variable Air Volume (VAV) is applied for the HVAC-AHU operation. Simulation results show that the 
indoor space temperature is average of 26.00oC over the typical summer week and the energy demand 
is 1.4kWh/m2. At the noontime, the indoor temperature reaches maximum of 28.3oC and 50% relative 
humidity level. The temperature level is suitable for the occupants and working labour. The model 
design provides alternative uses for the space area as a livestock farm, poultry farms, and workspace. 

 

Figure 103: Changing the greenhouse envelope materials 
and design. Source: Data retrieved by the researcher from 
DesignBuilder v4.2. visualisation model. 



   Chapter III - B 

  

 134 

 

GREENHOUSE OPERATION SCENARIOS 

The Greenhouse operation scenario is developed based on the crops type, the outdoor climate 
conditions, and the harvest production scenarios, either as a temperate version or as a tropical climate 
version. The indoor climate scenario is referenced to two different HVAC operations: a) Temperature 
fluctuation scenario for crops grow in a high-temperature difference between the day and at night, b) 
air recirculation scenario for tropical crops version and fresh water production. 

TEMPERATURE FLUCTUATION SCENARIO 

Fluctuation in temperatures in the greenhouse required for crops production such as peppers, 
eggplants, and tomatoes, review the crops planting temperatures in  Table 59. Two HVAC operation 

settings are applied for the HVAC operation design in Figure 104, as following: 

Variable Air Volume (VAV) is applying a high-temperature fluctuation in the greenhouse daily climate. 
As in Figure 105 and Table 75, the indoor temperature drops at night to 23.2 and 23.7oC when setpoint 
of 25oC and 28oC respectively applied for greenhouse. VAV operation reduces the HVAC energy demand 
to 1.6 kWh/m2 and provide an adequate indoor climate. The advantage of the VAV operation lies in the 
low waste heat and water vapour released to the environment. 

Constant Air Volume (CAV) is used to achieve the highest temperature difference in the greenhouse. 
High airflow rates at night required for cooling the indoor temperature to 22.4oC. Applying a setpoint 
temperature of 25oC, requires high energy demand of 3.23 kWh/m2, and fan airflow of 3.5 m3/s. Higher 

setpoint temperature of 28oC requires energy demand of 2.27 kWh/m2, and airflow rate of 2.3 m3/s 

(Table 75). CAV is an energy consuming operation in comparison to the VAV operations. However, 
temperature fluctuation operation is inadequate technique for freshwater productions. Water vapour 
and waste energy are released to the atmosphere because of the open-air-cycle design. High airflow 
rate limits the water condensation potential when a condenser unit is installed before the extract fan. 

Temperature 
Fluctuation 

Air Temp. RH % 
System Fans 

kWh/m2 
Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech. Vent+ 
Infiltration Min. Max. Min. Max. 

Variable Airflow VAV 

Thermostat: 25oC / 
3.5 m3/s 

26.25 67.00 2.1 0.188 0.297 2.5 18.26 ac/h 

23.24 30.81 56.5 82.00    without natural ventilation 

Variable Airflow VAV 

Thermostat: 28oC / 
2.3 m3/s 

27.5 64.6 1.2 0.188 0.297 1.63 10.1 ac/h 

23.7 32.45 51.6 80.2    without natural vents 

Constant Airflow CAV 
Thermostat: 25oC / 
3.5 m3/s  

25.8 70.3 2.8 0.188 0.297 3.23 25.8 ac/h 

22.4 30.8 56.6 84.15 3.5 m3/s     

Constant Airflow CAV 
Thermostat: 28oC / 
2.3 m3/s 

26.50 68.43 1.8 0.188 0.297 2.27 17.00 ac/h 

22.5 32.4 51.7 84.45 without natural vents 

 
Table 75: Comparison between CAV and VAV operations. Source: DesignBuilder v4.2 
Simulations. 
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Figure 104: Temperature fluctuation operation in the greenhouse. Source: by the researcher from DesignBuilder v4.2. 

Temperature Fluctuation Scenario- Temperature Greenhouse 
27 July – 2 August-Hourly 

 
 

Figure 105: The greenhouse temperature fluctuation (VAV setpoint 25oC). Source: DesignBuilder v4.2 Simulations. 
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AIR RECIRCULATION SCENARIO 

In winter, air recirculation is beneficial for the greenhouse heating and water condensation process. 
The Passive condensation of water is higher when a closed-air recirculation is applied. Water 
condensation occurs on the greenhouse when adequate temperature difference between the warm-
humid indoor air and outdoor air. Air recirculation provides an efficient resources use as low waste 
energy and water vapour are released to the atmosphere.  

As in Figure 107, HVAC air recirculation is processed only at night while an open-air cycle is applied at 
noontime to avoid the overheating problems in the greenhouse. In this simulation, a greenhouse 
thermostat setpoint of 25oC is adjusted to provide adequate indoor temperature. A natural ventilation 
setpoint of 30oC is important to minimize the outdoor airflow and increase the condensation process.  

During the daytime, air recirculation is turned automatically ‘OFF’, when the indoor temperature 

becomes higher than 28oC. When the indoor temperature drops at night, the air recirculation in turned 
‘ON’ to maximize the humidity air inside the greenhouse. Using Constant Air Volume CAV increases 
the water vapour concentration the greenhouse, but it raises the operation energy demands.  

 Air Recirculation Air Temp. RH% System 
Fans 

kWh/m2 

Cooling 
kWh/m2 

 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech. Vent+ 
Infiltration 

Min. Max. Min. Max. 

Variable Airflow : 25oC 
+ With Natural Vent. 

27.6 61.0 1.86 0.188 0.243 2.3 11.23 

25.3 30.47 29.6 93.3    With Natural Ventilation 

Variable Airflow: 25oC 
+ Without Natural 
Vent. 

27.00 62.8 1.8 0.188 0.243 2.24 5.40 

25.44 29.85 28.12 99.5    With Natural Ventilation 

Constant Airflow: 25oC 
+ Without Natural Vent. 

26.0 65.9 2.8 0.188 0.243 3.2 5.4 

23.6 28.11 28.2 99.6 Water pump: 200 W  With Natural Ventilation 

 Table 76: Optimizing the air-recirculation operation. Source: DesignBuilder v4.2 
Simulations. 

As shown in Figure 108 and Table 76, the indoor 
temperature average is 28oC and relative 
humidity reaches 100% at night. Water 
condensation process will dehumidify the 
humid air when the air-recirculate through the 
greenhouse second layer. Discarding the 

dwelling exhaust air to the greenhouse air is 
beneficial for the recovery water, energy, and 
CO2. Repetition of this process will assure 
continuous condensation of freshwater in the 
greenhouse second layer as indicated in Figure 
106. As in the SWGH model, a seawater 
condenser coil is used to actively condensate the 
water vapour. The cold seawater produced by 
the evaporative pad cycle is recirculated into the 
condenser coil to condensate the water vapour. 

 

Figure 106: (above) CFD, simulation shows the air 
recirculation through the second layer of the greenhouse. 
Source: Data retrieved by the researcher from 
DesignBuilder v4.2. Visualisation model. 

EC Pad 
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Figure 107: Air recirculation operation through the greenhouse upper layer at the night-time. 
Source: the researcher from DesignBuilder v4.2. Visualisation model. 

Air Recirculation Scenario- Greenhouse Temperature/  RH % 
27 July – 2 August-Hourly 

 

 

 

Figure 108:  Greenhouse indoor climate as air- recirculation is applied. Source: DesignBuilder v4.2 Simulations. 
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SUMMARY OF 
SECTION-B 

Section B presented a comprehensive study and simulation for the greenhouse unit. It starting with a 
theoretical review on the urban agriculture projects and the technical guidelines for the small-scale 
hydroponic systems in peri-urban areas. The climate conditions of the Red Sea region is analysed in 
Table 57, Table 58 and  Table 59. As presenting, the greenhouse design standards, crops types, and the 
cooling techniques. Evaporative cooling by means of the fan-pad system is an adequate technique for 
the hot-arid climate of the Red Sea. The greenhouse cooling is processed by adding moisture to the 
supply air. For greenhouses in coastal areas, seawater and/or brackish water could be utilised instead 
of freshwater being used for the fan-pad system. The indoor greenhouse climate, construction design, 
and fan-pad system components are discussed in the ‘Ambient Climate & Greenhouse Cooling’ section. 

The study assisted the research to understand the construction, operation and planting principles of 
the greenhouse.  

The greenhouse unit is simulated without indoor vegetation cover to determine the HVAC system 
cooling effect on the greenhouse indoor climate. Based on the simulation results, natural ventilation 
vents and roof design are affecting the airflow rates and cooling performance of the HVAC design. 
Using local materials such as “Nut-grass pad” in the cooling pad could help reduce the cost of the fan-
pad system applications in Egypt. Applying whitening pigments on the greenhouse cover provide an 
economical and efficient solution for the greenhouse overheating. All of these criteria have been 
translated into the greenhouse design and simulation strategies in Table 60. A pre-simulation study is 
processed to explore the correlation between the greenhouse and the dwelling building. Simulation 
results in Table 61 show that, east-west façade is the best location for greenhouse unit in adjacent to 

the building. Applying a green rooftop is enhancing the thermal performance of the dwelling’s roof. 

A simulation is processed to examine the greenhouse climate during a typical summer week. 
Conventional cooling techniques such as natural and/or mechanical ventilation are reviewed in the 
simulation. Results show that, natural or mechanical ventilation cannot satisfy the required climate 

conditions for crop production. The fan-pad system provides a high cooling capacity and low energy 
demands, Table 68 presents a comparison of simulation results for the alternative cooling techniques. 
The research went in depth optimising the fan-pad system components such as pad size, thermostat 
setpoint, and airflow rate. Applying a low thermostat setpoint of 25oC increased inversely the energy 
demand of the HVAC system. The cooling capacity increases when the size and thickness of the 
evaporative pads are increased. High pad thickness causes resistance to the airflow and increases the 
work of the extraction fan. Therefore, a standard pad thickness of 0.15m is used in reference to 

ANSI/ASABE (2008) standards. 

Natural ventilation affects negatively the HVAC cooling capacity as it decreases the air-tightness of the 
greenhouse envelope. The extraction fan work is increased to compensate the infiltration of hot air 
into the greenhouse. Using a Variable Air Volume VAV is important to reduce the energy demands on 
HVAC system. As in Table 72, applying the whitening pigments has enhanced the thermal performance 
of the greenhouse roof and decreased the HVAC cooling loads. Two cooling operation scenarios are 
examined for the greenhouse climate: a) temperature-fluctuate climate, b) air-recirculated operation 
‘tropical climate’. Temperate climate has a temperature fluctuation of 21-30oC between the night and 
noontime. Applying air-recirculation increases air humidity in the greenhouse during the night. The 
last operation scenario is recommended when water desalination is a priority. 
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DESIGN MODEL 1: SEPARATE-HVAC 

he first HVAC model is a combination of two separate-HVAC units; Two-Stage EC system (TSEC) 
for the house, and Direct Evaporative Cooling (DEC) system for the greenhouse. Model (1) is 
separating the HVAC units, the operation schedules, and the air circulation design. Therefore, two 

separated discussions for the HVAC system design will be are presented in this model as following: 

THE HOUSE 

For the dwelling cooling, a two-stage evaporative 
cooling system is needed to achieve the maximum 
human comfort levels in summer. As mentioned in 

Chapter III, applying a pre-treatment stage (DEC) then 
an Indirect Evaporative Cooling stage (InDEC) is not a 
sufficient cooling design. The indoor discomfort hours 
reach 35.69 hrs/week. The supply air is hardly cooled 
after passing through DEC (the pre-treatment), 
because of the increase in the air relative humidity. 
Thus, the second cooling stage (indirect pad) has a 
minimal cooling effect on the supply air. The supply air 
stays at high-temperature levels. The technical design 
of this system is in Figure 109, where a pre-treatment 
Pad is installed before the InDEC-coil. 

REVERSED HVAC DESIGN 

As in Figure 110, a reversed installation for the HVAC 
system stages is applied. The InDEC coil is placed 
before the DEC pad. In this design, first the outside air 
is passing first through the indirect evaporative coil 
then the DEC pad as a second stage. Thus, the outside 
hot-dry air is cooled first by the indirect coil without 
changing the air humidity content, then the direct 
evaporative pad cools the air further with a slight 
increase in the air humidity. As a result, this HVAC 
configuration has a significant reduction in the indoor 

temperature of the dwelling spaces. The reversed-
HVAC configuration decreased the dwelling 
discomfort hours to 2.9 hrs/week after applying 
optimization that in comparison to 35.7 hrs/week for 
the HVAC design mentioned above. 

Optimized HVAC Configurations 

As mentioned in Chapter III, the HVAC components are optimized to achieve higher indoor comfort 
levels in parallel to low energy demands. Table 77 presents the optimized HVAC system parameters, 
which are sizing the supply air volume and the secondary fan operation. Sizing of the evaporative pad 
has also enhanced HVAC system cooling efficiency.  

T 

 

Figure 109: Two-stage EC system: a pre-treatment 
and an InDEC stage. Source: The researcher after 
DesignBuilder detailed HVAC system design. 

 

Figure 110: Reversed Two-stage evaporative 
cooling system; indirect-EC pad and DE pad. 
Source: The researcher after DesignBuilder HVAC 
system design. 

Pre-Treatment Pad 

Secondary Air Stream 

Secondary Fan 0.4 m3/s 

House 
0.33 m3/s 

600 Pa 

Water pump 200 w  

Wet-Coil  Outside 

Air Stream 

Secondary Fan 0.4 m3/s 

House 
0.33 m3/s   

600 Pa 

Water pump 200 w  

 

Outside 

Air Stream 

Direct Evaporative 
cooling 

Wet-Coil 

Environment 

 

Outside Fresh Air Stream 
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Air Loop Main Fan In-Direct 

Evap. pad 

Secondary 

fan 

Direct 

Evap. pad 

Extract fans 

HVAC 
Configurations 

Variable 
volume Autosized 

Indirect Wet-
Coil 

Air flow: 0.4 
m3/s 0.6m2*0.4 m 

Air flow: 0.125 
m3/s 

Autosized 
Eff. 70% & 

600pa 

Eff.80%/Pump

200W 

Eff. 70% / 200 

pa 

water pump: 

200W 

Eff. 70% / 200 

pa 
       

House Parameters 

Air Loop Unit 

 AHU 
Thermostat 

Cooling  

set-point 

Cooling  

Set-back 

Natural vent  

Setpoint 
Extract fan 

Autosized 24oc 25oC 28oC 30oC 
Air flow: 0.125 

m3/s 

Table 77: HVAC system configurations, house schedule, and the cooling operation. Source: DesignBuilder schedule 
and operation analysis. 

The spaces thermostat set-point temperature is 24oC, and setback-point of 28oC. Natural ventilation is 

turned ‘OFF’ and air filtration value of 0.5 ac/h for all the spaces is adjusted. The simulation result of 
the optimized TSEC-HVAC system provides high cooling capacity. As Table 78 shows, the energy 
demands is low, reaching 2.87 kWh/m2 for a summer design week. The cooling capacity is enhanced 
after increasing the supply airflow rates to improve the heat removal. Very low discomfort hours of 
2.9 hrs is achieved. The HVAC system cooling capacity is decreased when the ambient air relative 
humidity is high. Thus, HVAC system cannot achieve lower discomfort hours in the humid summer 
days. The HVAC system specification and details are mentioned in “Annexes 4/1.” 

Simulation 
Results 

Air Temp. 
oC 

Relative 
Humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

Two Stage     
Pre-treatment + In-DEC 

26.90 22.17 1.1 1.75 3.00 5.1 35.69 hrs 

24.8 28.3oC 18.3 28.4 % 
max. 0.26 

m3/s 
    

Two Stage EC (TSEC) 
TSEC (DEC-Indirect) 

25.55 20.2 1.1 1.9 3.2 5.00 ac/h 7.6 hrs 

23.2 27.0oC 16.2 28.4 % 
max. 0.26 

m3/s 
    

Reversed TSEC 
(TSEC) ( Optimized) 

24.77 22.94 1.24 1.42 2.87 5.19 ac/h 2.9 hrs 

24.05 25.9oC 16.7 30.00% 
max. 0.33 

m3/s 
 

Lighting: 0.215 

kWh/m2 

Without nat. 

vent 
in 7 days 

 
Table 78: Comparison between the HVAC alternatives. Source: DesignBuilder simulations. 

THE GREENHOUSE 

Numerous simulations run to adjust the HVAC 

system parameters and the greenhouse operation 
schedule. Natural and/or mechanical ventilation is 
inadequate cooling as high indoor temperature of 
38oC and energy demand of 4.8kWh/m2 applied a 
summer design week. Further problems is 
regarding the insects and dust which accompany 
the supply air entering the greenhouse. As 
demonstrated in Chapter III, Evaporative Cooling 
(EC) in Figure 111 is a sufficient cooling technique 
for the cooling greenhouse in summer. 

 

 
 
 
 
 

 
 

Figure 111: The greenhouse DEC-HVAC system design. 
Source: Date retrieved from(DesignBuilder Software Ltd  
HVAC design 2016a). 
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DIRECT EVAPORATIVE COOLING (DEC) 

Figure 111 shows the standard DEC system for the greenhouse cooling. DEC allows applying numerous 
HVAC alternative operation designs in summer and winter. In the mild months for example, applying 
natural ventilation minimizes significantly the HVAC system cooling loads. In winter night operation, 
DEC could be operated by warm-seawater to heat the greenhouse when the ambient temperature is 
lower than 15oC. Optimization of DEC is necessary to provide the best natural ventilation schedule, 
thermostat temperature, and sizing of airflow rates. The DEC system has the following advantages: a) 
provide high cooling capacity and climate control in the greenhouse, b) using seawater in the 
evaporative cooling pad to minimize the need for use of freshwater, c) using seawater to filter the 
supply air and block the pests accompanying the outside air and, d) increasing the air humidity by the 
evaporative cooling process and plants evapotranspiration to increase the freshwater condensation at 
night. 

Optimized HVAC Configurations 

Optimizing the greenhouse cooling operation is necessary to determine the best cooling climate, 
efficient energy design, and best operation schedules all over the year and in summer. The optimized 
HVAC system parameters are detailed in Table 79. Table 80 shows the high energy demand reaches 
2.75kWh/m2 for a summer week. Optimization is processed on the following parameters: the 
thermostat setpoint, natural ventilation setpoint, airflow rates, and evaporative pad size. 

System 
Configurations 

Air Loop  
Operation Main Fan Evaporative  

cooling type 
Direct 

Evap. pad 
Water 

pumping Airflow 

HVAC 

Configurations 

Variable 
volume 

Autosized Direct 
CelDekPad 

2.5m2*0.3 m Water Open Cycle  

Autosized 
Eff.70%& 

600pa Eff. 80% - 
Pumping: 

200w Manual 
 

      

Greenhouse 

Parameters 

Air Loop 
Operation 

Thermostat Cooling  
Setpoint 

Cooling  
Set-back 

Natural vent 
Setpoint 

Air Cycle 

Autosized 28oC 28oC 30oC 35oC Open cycle 

Table 79: The optimized HVAC design and cooling operation. Source: DesignBuilder HVAC system Details. 

Alternative Operations 

Table 80 is a comparison of the HVAC operation alternatives and energy demand. The simulation 
results of the optimized HVAC design shows a significant reduction in the energy demand, reaching 
2.3 to 1.6kWh/m2 compared to 2.75kWh/m2 for the base HVAC operation. Nevertheless, low HVAC 
operation and energy demand are achieved when a cooling setpoint of 28oC is used. 

Simulation 
Results 

Air Temp. 
oC 

Relative 
Humidity 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech. 
Vent+ 

Infiltration 

Direct Evaporative Pad 

(Setpoint 25 oC) Standard 

27.2 67.7 2.26 0.188 0.243 2.75 21.5 ac/h 

25.00 31.37 55.8 75.5 max 3.5m3/s  With natural Ventilation- For 7 days 

Direct Evaporative Pad 

Optimized (Setpoint 25 oC) 

26.5 68.35 1.9 0.188 0.243 2.3 16.55 

23.45 31.23 55.3 78.9 
Max. 3.1 

m3/s 
  Without Nat. Vent. 

Direct Evaporative Pad 

Optimized (Setpoint 28 oC) 

27.66 64.5 1.2 0.188 0.243 1.6 9.9 

23.8 32.6 51.2 76.5 
max. 

2.3m3/s  Without natural Ventilation- For 7 days 

Table 80: Alternative HVAC system for cooling the greenhouse. Source: DesignBuilder simulations. 
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The cooling setpoint of 25oC is used when high cooling capacity is required for certain crops. Natural 

ventilation cooling adjusted to a setpoint of 35oC. Relative humidity levels in the greenhouse is 64.5-
68.4%, therefore, water condensation is possible when the air recirculation option applied. More 
analysis and details of this operation are available in “Annexes 4/2”.  

ANNUAL ANALYSIS OF MODEL 1 

The separation in the HVAC system design as in Figure 112 is examined in this section. The low cooling 
operation setpoint of 28oC is selected for a greenhouse cooling. Table 81, shows the energy demands 
average for both the house and the greenhouse, examined for a summer design week.  

Week Simulations Air Temp. 
oC 

Relative 
Humidity 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech. 
Vent+ 

Infiltration 

House (60.9 m2) 

Optimized HVAC sys. 

24.77 22.94 1.24 1.42 0.215 2.87 5.19 ac/h 

24.05 25.9oC 16.7 
30.00

% 
max. 

0.33m3/s  Without natural Ventilation- For 7 days 

Greenhouse (179 m2) 

Optimized HVAC sys. 

27.66 64.5 1.2 0.188 0.243 1.6 9.9 ac/h 

23.8 
32.6o

C 51.2 76.5 
max. 2.3 

m3/s  Without natural Ventilation- For 7 days 

Table 81: Simulation for a summer design week, for the dwelling and greenhouse. Source: DesignBuilder 
Simulations. 

Annual Simulation 

Separated annual analyses for the Building-Greenhouse prototype (BGp) is discussed. As presented in 
Figure 113 and Table 82, the annual total cooling electricity for the Dwelling Unit is 3899.5kWh/a 
(64.02kWh/m2a) for the cooling and lighting energy. It is for example lower than the annual operation 

of the heat pump system. The total annual energy demand for the Greenhouse Unit is 46.2kWh/m2 
for cooling and lighting. The accumulation of the house and greenhouse total annual energy demand is 
12137.1kWh. This demand is relatively high; applying separated HVAC systems raises the HVAC unit’s 
initial installation costs, operation costs, and maintenance. Simulation results of (Model 1) and system 
specifications are detailed in “Annexes 4/1-2”.   

> House annual energy                = 60 m2       x 64.024 KWh/m2                = 3,899.5 kWh/a  

> Greenhouse annual energy      = 179 m2         x 46.175 KWh/m2                     = 8,237.6 kWh/a 

Prototype total annual energy        = 3899.5 (House) + 8237.6 (annual energy)  = 12,137.1 kWh/a 

Annual Analysis Air 
Temperature 

Relative 
humidity 

Fan System 
kWh 

Cooling 
Electricity 

Lighting 
kWh 

Electricity 
kWh 

Total Cooling 
Load kWh/m2 

House  
Area (60.9 m2) 

23.89 48.9 23.628 29.182 11.214 
64.024 

kW/m2a 
-76.339 
kWh/m2 

Annual Total Energy 23.89 48.9 1439.1 1777.4 682.9 
3899.5 
kWh/a 

- 5592.9 
kWh.a 

Greenhouse  

Area (179 m2) 
25.98 69.7 28.795 47.32 12.647 

46.174 

kWh/m2a 
- 

Annual Total Energy 25.98 69.7 5137.1 884.2 
2256.2

6 
8237.6 
kWh/a 

- 

House + Greenhouse 
Annual Total Energy  

= Annual Total Energy/ Area (228.7 m2)  =  
12137.1 
kWh/a 

 

Table 82: Annual energy demand for the dwelling and the greenhouse units. Source: DesignBuilder simulations. 
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Design Model-1: Two HVAC Units, One for Each the Dwelling and the Greenhouse: 

  

Figure 112: Design Model , separated HVAC units design for the dwelling and the greenhouse units. Source: 
The researcher after DesignBuilder HVAC system design details. 

Indoor Temperature- Greenhouse unit, 
 Annual Simulation (1 January –31 December / Daily average) 

 

Figure 113: Annual simulation, the greenhouse daily temperature average (setpoint 28oC). Source: DesignBuilder 
simulations. 
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DESIGN MODEL 2: COMBINED HVAC 

In model 2, one combined HVAC unit supplies cooling for the building-greenhouse prototype (BGp). 
The combined HVAC system consists of a two-stage evaporative cooling (indirect and direct 
evaporative pads). The InDEC stage is a wet-coil with a secondary airflow rate of 1m3/s. The HVAC 
system configurations are adjusted as in Table 83, processed based on the operation schedules and 
cooling capacities adjusted for the house and the greenhouse. The thermostat setpoint plays a 
significant role in adjusting the AHU airflow and cooling capacity. A particular schedule for the heat 
recovery and air recirculation is applied for the HVAC system design. The HVAC system fan is 
consequently operated for almost all summer days.  

HVAC 
Configurations 

Air Loop Main Fan In-DEC Secondary Fan DEC Extract fans  

Variable volume Autosized Indirect wet-coil Air flow: 1 m3/s 5.00m2*0.15m Airflow: 0.125 

Autosized 
Effi. 70% & 

600pa 
Eff.80%/Pump 

200W Eff. 70%/ 200 pa pump: 200 W Eff. 70% &200 pa 
       

House 
Configurations 

Air Loop 
Operation Thermostat 

Cooling  
setpoint 

Cooling  
Setback 

Natural vent 
Setpoint 

Extract fan 
m3/s 

Autosized 25oC 25oC 28oC - Airflow:  0.125  
       

Greenhouse 
Configurations 

Air Loop 
Operation 

Thermostat Cooling set-
point 

Cooling Set-
back 

Natural vent 
Set-point 

Air  
Recirculation 

Autosized 28oC 28oC 31oC 35oC 8.00hr- to -20hr 

Table 83: Combined HVAC system configurations, building, and the greenhouse operation schedules. Source: 
DesignBuilder Model and AHU design details. 

ANNUAL ANALYSIS OF MODEL 2  

First, simulation is processed for a summer design week; the results show acceptable cooling capacity 

for the house and the greenhouse spaces. At night, air recirculation is turned ‘ON’ to recover the 
dwelling unit heat and in the greenhouse. The air relative humidity has consequently increased to high 
levels in the greenhouse only. As a potential for freshwater water condensation and production. At the 
daytime (8.00 to 20.00hr), an ‘Autosized’ fresh airflow rate of 3.00m3/s is adjusted, for heat removal. 

Simulation 
Results 

Air Temp. 
oC 

Relative 
Humidity 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total Electricity 
kWh/m2 

Mech 
Vent+ 

Infiltration 

United HVAC System 

Area 228.7m2 

27.7 69.2 1.54 0.506 0.235 2.3 12.3 

22.7 32.4oC 42.8 80.6 max 3.3 m3/s    Per 7  days 

Table 84: Simulation of the combined HVAC system for a summer design week. Source: DesignBuilder 
simulations. 

The total annual energy demand for the BGp is relatively high, reaches 13618.6kWh/year 
(59.8kWh/m2a) for cooling and lighting the house and greenhouse. The annual demand is higher than 
the alternative Design Model (1), and lower compared to using a heat pump system. Analysis of the 
Combined HVAC-model (2) is available in “Annexes 4/3”. 

Annual Analysis 
Air Temp. 

oC 
Relative 

Humidity 
System Fans 

kWh/m2 
Cooling 
kWh/m2 

Lighting  
kWh/m2 

 Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

House + Greenhouse  

Optimized HVAC sys. 
25.8 74.00 34.863 12.719 12.263 

59.845 

kWh/m2a 
-351.028 

Annual Total Energy 

Area (228.7m2)   
25.8 74.00 7933.5 2894.4 2790.7 

13618.6 

kWh/a 
5.52 ac/h 

Table 85: Total energy demand of the combined HVAC model and lighting energy. Source: DesignBuilder 
simulations. 
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Design Model-2: Combined HVAC System for Building-Greenhouse Model Cooling: 

   

Figure 114: Design Model 2 (Combined HVAC) for cooling the BGp. Source: The researcher after DesignBuilder 
HVAC system design details.
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DESIGN MODEL 3: INTEGRATED HVAC (INTERVENTION) 

This model presents a new HVAC intervention for the 
BGp. The integrated design utilises the greenhouse’s 
cooling pad (DEC) as an indirect cooling stage for the 
dwelling HVAC system. It means that, the building 
first cooling stage is a by-product of the greenhouse-
cooling system and vice-versa. Figure 115 shows the 
InDEC stage of the dwelling unit, this HVAC unit cools 
the dwelling supply air indirectly by a secondary air 
stream which eventually released to the atmosphere. 
Thus, the heat and water vapour in the secondary air 

are wasted. The new intervention avoide this loss of 
waste-energy, by placing this InDEC stage into the 
greenhouse EC-pad as (wetted coil). The greenhouse 
DEC pad is used to cool directly the greenhouse supply air (from A to C), and cools indirectly the 
dwelling supply air from (from A to B) by exchanging the air mass and heat. The greenhouse’ extract 
fan will replace the secondary fan (C) of the dwelling’s InDEC stage. The airflow from A to C (warm-
humid air) is the supply air for the greenhouse unit. The use of freshwater will be limited to the DEC 
stage of the dwelling unit, while the cold seawater is used in the (InDEC stage, wetted coil) to cool the 
greenhouse.  

The HVAC system unit of both, the house and the greenhouse are integrated. In this sense, two 
alternative designs for the greenhouse’ evaporative pad are proposed: a) to integrate the dwelling 

supply air network inside two DEC pad layers as in Figure 116, or b) to use a heat exchange pad after 
the greenhouse DEC pad, as in Figure 117. The dwelling’ supply air is passing first through the 
greenhouse’s DEC pad (2.5m2*0.2 thickness) as an InDEC stage, then through the DEC stage. The heat 
exchanging process will slightly affect the greenhouse HVAC cooling capacity, and increase slightly the 
work of the extraction fan to adjust the cooling setpoint. Integrating the HVAC system design will not 
only improve the efficiency of HVAC system and operation schedules, but also will discarding the InDEC 
stage from the dwelling HVAC system. The dwelling waste heat and water vapour content in the 
exhaust air will be recovered in the greenhouse envelope. The details of Design Model (3) are discussed 
later in “HVAC system components and design” in Chapter IV. 

 

 

Figure 116: The dwelling supply airflow into a two-layer 
DEC pad in the greenhouse unit. Source: The researcher. 

Figure 117: Air-air heat exchanger located after the 
DEC pad of the greenhouse. Source: The researcher. 

 

Figure 115: In-DEC HVAC system design (wet 
coil). Source:  DesignBuilder HVAC system 
manual, data retrieved in 01.2015 from 
(DesignBuilder V4 2015). 
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DESIGN OF MODEL 3 

The HVAC intervention in Figure 118 is operated for a summer design week. Simulation results show 
a lower total energy demand of 2.00kWh/m2 for cooling the house and the greenhouse. In summer, 
the greenhouse indoor climate is in an average temperature of 27.3oC and relative humidity levels of 
65.8%. The maximum airflow rate of the greenhouse extract fan is 2.24m3/s at the daytime, that to 
cool the house and the greenhouse. In winter, another operation schedule is adjusted for the HVAC 
system. 

Greenhouse Climate 
Simulation  

Air Temp. 
oC 

Relative 
Humidity 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Lighting 
kWh/m2 

Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Integrated HVAC 
System (area 179m2) 

27.6 64.9 1.2 0.408 0.243 1.82 9.8 

23.7 32.5oC 51.2 80.6% 2.24m3/s  Per 7  days Without Nat.Vent / 7 days 

Table 86: Greenhouse indoor climate using the integrated TSEC-HVAC system for a summer design week. Source: 
DesignBuilder simulations. 

ANNUAL ANALYSIS OF MODEL 3 

The HVAC system is turned ‘OFF’ in winter, system cooling is examined for summer months from May 
to September and mild months (April/October). Simulations results in Figure 119 and Table 87 
demonstrated that, cooling the house and the greenhouse using the integrated TSEC-HVAC design is 
working effectively. As in Table 87, the total annual energy is 9779.6kWh/a (42.8kWh/m2a) for cooling 
and lighting the BGp model. The system has low energy demand, low fresh water demand, and 
minimum mechanical components. The annual energy demand is lower than Design Model (1) and (2).  

The total annual energy demand is decreased after utilising the greenhouse pad as an InDEC stage for 
the dwelling unit. It has also minimized the house HVAC design to a direct evaporative pad and 
circulation fan only. In winter simulations in Figure 119, the greenhouse temperature is higher than 
20oC, which will increase the potentials of free heating and water desalination operation. More analysis 
and details of the integrated TSEC-HVAC simulations are available in “Annexes 4/4”. 

Annual Analysis Air Temp. 
 oC 

Relative 
Humidity 

Cooling 
kWh/m2 

System Fans 
kWh/m2 

Lighting 
kWh/m2 

Total Electricity 

kWh/m2 
Mech. Vent+ 
Infiltration 

House + Greenhouse 

Optimized HVAC sys. 
25.9 69.95 10.4 27.7 12.263 

42.8 

kWh/m2a 
4.68 

Annual Total Energy 

Area 228.7 m2 
25.9 69.95 1861.3 5127.7 2790.7 

9779.6 

kWh/a 
4.68 

Table 87: Annual energy analysis for the HVAC intervention model. Source: DesignBuilder simulations. 

HVAC DESIGN VERIFICATION USING (DESIGNBUILDER) 

To verify the theory of the integrated TSEC-HVAC system, two additional simulations are run for using 
this HVAC configuration separately for the dwelling and the greenhouse. The energy demand results 
of this examination are not reflecting the real energy demands of the dwelling unit. Only the simulation 
result and energy demands of the greenhouse HVAC system are for cooling the building-greenhouse 
prototype. The study aims to observe the influence on the dwelling and the greenhouse indoor climate 
separately, and the influence on the HVAC cooling capacity. 
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Figure 118: The integrated TSEC-HVAC design intervention for the dwelling-greenhouse units. Source: The 
researcher after DesignBuilder HVAC system design details. 

Electricity & Indoor Temperature- Greenhouse Unit, 
 Annual (1 April – 31 October / Daily average)  

 

  
Figure 119: Annual energy demand and the greenhouse indoor temperature. Source: DesignBuilder simulations. 

TSEC-HVAC Examination to Dwelling Cooling  

The supply fan’ airflow rates in the dwelling unit is adjusted to (0.33m3/s) maximum, and (2.3m3/s) 
for the secondary fan airflow rates. The HVAC exhaust air (secondary air stream) is the supply air for 
the greenhouse unit. As Table 88 shows, the discomfort hours in the dwelling unit are decreased to 

2.1hrs per week. Based on additional simulation results, using a wet-coil InDEC (heat exchanger) 
provide higher cooling capacity compared to the ‘Air-Air’ coil heat exchanger. As noted before, the 
energy demand of this simulation is neglected, as the secondary fan has a Constant Air Volume (CAV) 
of 2.3m³/s. 
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House HVAC 
Examination 

Air 
Temp. oC 

Relative 
Humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

Air-Air  CelDelPad 
2.5m2*0.2m 

24.85 23.6 1.25 2.9 4.4 5.3 3.4 

23.9 26.6oC 8.5 28.6% max. 0.33 m3/s  Without Natural Ventilation 

Air-Wet Coil 
0.62*0.4m 

24.6 22.00 1.2 2.9 4.35 5.0 2.1 

23.9 26.5oC 7.2 28.6% max. 0.33 m3/s  Per 7  days Without Nat. Ventilation 

Table 88: Integrated HVAC design parameters for dwelling unit. Source: DesignBuilder simulations. 

TSEC-HVAC Examination to Greenhouse Cooling 

For the greenhouse, the extract airflow rate is adjusted to (2.3m3/s). An (Air-Air) coil with a secondary 

fan airflow of (0.33m3/s) is installed after the greenhouse DEC unit. As Table 89 shows a slight changes 
in the greenhouse indoor temperature occurs after exchanging the heat with the dwelling unit air. 

Greenhouse HVAC 
Examination 

Air Temp. oC 
Relative 

Humidity % 
System Fans 

kWh/m2 
Cooling 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Discomfort 
(hrs) 

Air-Air CelDelPad 
(2.27- 0.0 m3/s) 

27.6 64.9 1.2 0.408 1.82 9.8 - 

23.7 32.5oC 51.2 80.6% max. 2.3m3/s  Per 7  days Without Natural Ventilation 

Table 89: Integrated HVAC design parameters for the greenhouse unit. Source: DesignBuilder simulations. 

TSEC-HVAC DESIGN VERIFICATION USING TRNSYS 

As DesignBuilder software is limited for modelling the integrated TSEC-HVAC systems, it was 
necessary to examine the HVAC model in TRNSYS software. The integrated HVAC system components 
are built in TRNSYS as shown in Figure 120. TRNSYS model allows monitoring for the HVAC supply 
air in each HVAC element. Three monitoring points are applied in the HVAC design, shown in Figure 
120: (A) monitoring the dwelling’ supply air, (B) monitoring the greenhouse supply air and, (C) 
monitoring the ambient climate conditions. The greenhouse HVAC system model is consists of a DEC 

pad and a main fan airflow rate of 2.3m3/s. The dwelling unit HVAC system is consists of two stages; 
the ‘Air-Air’ heat exchanger and the DEC pad. The airflow rates of the dwelling HVAC system fan is 
0.33m3/s.  

An ‘Air-Air heat recovery unit’ is used for exchanging the heat between the greenhouse and the 
dwelling unit air streams. The heat exchanger is a ‘Permeable-Walled Flat-Plate Recuperator’ coded as 

‘Type667b’ in TRNSYS. The ‘Type667b’ heat exchanger provides both the energy and moisture transfer 
between two air streams. The methodology of ‘Air-Air heat recovery unit’ is a constant effectiveness; 
it used to model the sensible and latent heat transfer of the air streams as for the permeable walled flat 
plate recuperator (TRNSYS17 2015). TRNSYS simulation runs for a summer month from first of July 
to 31st July (4344 hr to 5088 hr) using EPW file. Figure 121-C shows the ambient temperatures, reaches 
a maximum of 39.5oC in July. The charts A and C compare the difference in temperature between the 
ambient climate and the HVAC system’ supply air in the dwelling unit. The supply air temperature is 
sufficient to cool the dwelling spaces. The supply air relative humidity average is high reaching 60% 
because no exhaust fans are applied. The greenhouse supply air was always lower than 30oC. 
Alternative simulation results and details are provided “Annexes 4/7-8”. 
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Figure 120:  TRNSYS Simulation model of the HVAC intervention. Source: TRNSYS modelling interface. 

TRNSYS Simulation Results 

 

Dwelling Unit Supply Air (A)  

 

The Greenhouse Supply Air (B)  

 The Ambient Climate Conditions (C) 

 

Figure 121: Examining the TSEC-HVAC intervention using TRNSYS simulation. Source: TRNSYS simulation. 
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COMPARISON OF THE ALTERNATIVE MODELS 

This section provides a comparison analysis for the three HVAC Design-Models in relation to the 
optimized HVAC designs for the dwelling and the greenhouse units separately. The integrated TSEC-
HVAC (Model 3) provides high cooling capacity for the dwellers in a parallel cooling the greenhouse. 
Minimum energy and efficient water demand are applied. For the house:  Table 90 presents a 
comparison of the alternative cooling systems, including the conventional and the EC systems 
discussed in Chapter III. The comparison shows that the reversed two-stage cooling system could reach 
the human thermal comfort levels in summer when the outside dry-bulb temperature reaches 39oC. 
For a summer design week, the system energy demand is 2.87 kWh/m2, which is lower than the heat 
pump system. 

Simulation 
Results  

Air Temp. oC Relative 
Humidity % 

System Fans 
kWh/m2 

Cooling 
kWh/m2 

Total  
Electricity 
kWh/m2 

Mech. Vent+ 
Infiltration 

Discomfort 
(hrs) 

Heat Pump 
26.62 44.66 - 4.23 4.5 1.35 ac/h 00.00 

26.00 27.5oC 66.0 80.5% -     

Indirect Evap Cooling 
28.7 14.3 1.1 1.3 2.66 5.12 59.4 hrs 

26.7 30.2oC 10.2 24.6% max. 0.26 
m3/s 

    

Two stage  
Pre-cooling + IN-DEC 

26.90 22.17 1.1 1.75 3.00 5.1 35.69 hrs 

24.8 28.3oC 18.3 28.4 % 
max. 0.26 

m3/s     

Two-Stage EC System  
(Direct-Indirect) 

25.55 20.2 1.1 1.9 3.2 5.00 ac/h 7.6 hrs 

23.2 27.0oC 16.2 28.4 % 
max. 

0.26m3/s 
    

Reversed TSEC-HVAC 
(Optimized) 

24.77 22.94 1.24 1.42 2.87 5.19 ac/h 2.9 hrs 

24.05 25.9oC 16.7 
30.00

% 

max. 0.33 

m3/s 
 

Lighting: 

0.215 kWh/m2 

Without nat. 

vent 
in 7 days 

Table 90: Comparing of the dwelling HVAC systems and energy demand. Source: DesignBuilder simulations. 

The greenhouse: as in Chapter III, Table 91 presents the alternative cooling techniques for the 
greenhouse cooling. Mixed natural/mechanical ventilation increased the greenhouse indoor 
temperature to 39oC, beside high-energy demands of 4.8kWh/m2. DEC system considers an economical 
and efficient system; two alternative cooling setpoints of 25oC and 28oC are examined for the 
greenhouse cooling. 

Simulation 
Results 

Air Temp. 
oC 

Relative 
Humidity 

System 
Fans 

kWh/m2 

Cooling 
kWh/m2 

Lighting 
kWh/m2 

Total 
Electricity 
kWh/m2 

Mech 
Vent+ 

Infiltration 

Heat Pump 
29.85 40.54 1.26 4.6 0.161 6.2 3.21 ac/h 

28.76 30.00 37.12 49.70 max 3.79 m3/s   Without Natural Ventilation  

Mixed Ventilation  

Natural Vent (24oC) 

33.4 34.7 4.7 - 0.161 4.8 61 ac/h 

28.70 39 25 53 max 5.8 m3/s   Without Natural Ventilation  

Direct Evaporative Pad 

Setpoint 25oC 

27.2 67.7 2.26 0.188 0.243 2.75 21.5 ac/h 

25.00 31.37 55.8 75.5 max 3.5 m3/s   With Natural Ventilation 

Direct Evaporative Pad 

Optimized/ Set. 25oC 

26.5 68.35 1.9 0.188 0.243 2.3 16.55 ac/h 

23.45 31.23 55.3 78.9 Max. 3.1 m3/s   Without Natural Ventilation 

Direct Evaporative Pad 

Optimized/ Set. 28oC 

27.66 64.5 1.2 0.188 0.243 1.6 9.9 ac/h 

23.8 32.6 51.2 76.5 Max. 2.3 m3/s  Per 7  days Without Natural Ventilation 

Table 91: Greenhouse HVAC alternatives, simulation for a typical summer week. Source: DesignBuilder simulations. 
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The last has an adequate cooling and economic energy demand in summer. The optimized DEC-HVAC 

design decreases the energy demand to 1.6kWh/m2 for a typical summer week. The greenhouse indoor 
temperature average is 27.6oC (fluctuated from 23.8 oC to 32.6oC). The HVAC system is adjustable to 
increase the air humidity in the greenhouse, that to increase the potentials of water desalination 
process. 

ANNUAL ANALYSIS OF HVAC-MODELS  

In the last section, the research discussed the best building- greenhouse HVAC design models. The 
three HVAC alternative are developed to provide high cooling performance, low energy demand, and 
efficient resource use. Additional criteria to the HVAC system design, is the ability to apply heating and 
food productions in winter.  

The ‘Design Model (1)’ is the separate-HVAC units with high initial costs, as installation of dual HVAC 
systems and components are required for each, the house and greenhouse. As in Table 92, the total 
annual energy demand of the optimized HVAC system is high, reaching 53.1kWh/m2a.  

The ‘Design Model (2)’ is a combined-HVAC design, in which one HVAC system is used to supply cooling 
for the BGp zones. The energy demand of this design is higher than in the design Model-1’. The HVAC 
unit has a high annual energy demand of 59.84 kWh/m2a as in Table 92. Model-2 is not recommended, 
as an installation of a bigger scale HVAC unit with a high cooling capacity is required. 

The ‘Design Model (3)’ is a new HVAC intervention design, in which the greenhouse-cooling wall is 
used as an indirect cooling stage for the dwelling unit. This intervention provides a high integration 
between the greenhouse function and the house cooling design. As in Table 92, the model provides low 

annual total energy demands of 42.8 kWh/m2a for cooling and lighting the BGp. A limited amount of 
freshwater is needed for the dwelling DEC stage (0.4*0.6cm). Seawater is efficiently used in the 
greenhouse evaporative cooling pad design, as recovery of the greenhouse waste heat and water vapour 
is applied. The potential of seawater desalination process is higher at night when air recirculation 
process is applied in the greenhouse. 

Comparison 

Conventional 
Heat Pump 

Design  
Model 1 

Design 
 Model 2 

Design Model 3 
Integrated TSEC 

Total  
Electricity* 

Total 
Cooling load  

Total  
Electricity* 

 Total  Electricity* Total Electricity * 

House  
Area (60.9m2) 

98.04 

kWh/m2a 
-76.339 

kWh/m2a 

64.02 

kWh/m2a  

 

13618.6 

kWh/a 

 

Total Cooling Load  

-359.028 kWh/m2a 

 

 

9779.6 

kWh/a 

 

Total Cooling Load  

N/A    

Annual Total Energy 
5971.3 

 kWh/a 

3899.5 

kWh/a 

Greenhouse  
Area (179m2) 

- 
-666.4 

kWh/m2a 

46.20 

kWh/m2a 

Annual Total Energy - 
8237.6 

kWh/a 

 
98.04 

kWh/m2a 

53.1 

kWh/m2a 

59.845 

kWh/m2a 

42.8 

kWh/m2a 

* Total Electricity is included: Cooling energy demand in summer+ Lighting annual demand 

Table 92: Comparison of the HVAC Design-Models for the BGp. Source: DesignBuilder simulations. 
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ANNUAL ANALYSIS OF THE DESIGN MODEL 3 (INTEGRATED TSEC) 

In Chapter III, the annual analysis of the dwelling HVAC system is discussed for summer, winter, and 
mild months. This section discusses the annual analysis of the ‘Design Model 3' which will be used for 
applied in the building-greenhouse prototype (BGp). The discussion includes the following topics: 1) 
examine alternative operations in summer and apply heating in winter, 2) using CFD simulation 
analysis on the house and the greenhouse units and, 3) economic analysis for the TSEC-HVAC system 
design and applications. 

ALTERNATIVE TSEC-HVAC OPERATIONS 

It is necessary to examine using the HVAC system for cooling in summer beside the ability of heating 

in winter. This section presents an analysis of three different HVAC operations: a) applying air 
recirculation cycle to increase the water condensation possibilities, b) applying a low HVAC operation 
with fan airflow of 1m3/s and, c) examine the HVAC design for heating in winter. 

AIR RECIRCULATION OPERATION 

Air recirculation is a necessary for the heat and water recovery. In summer, air recirculation is 
important to recover the waste-heat and water vapour for the freshwater condensation at the night. 
The stored solar heat collected in the greenhouse (Figure 122) is recirculated at night. As in greenhouse 
Figure 123, the annual average of relative humidity in summer is high reaching 60.7%. At night, the 
air humidity reaches 100% in the greenhouse second layer as demonstrated before in Chapter III. As 
Table 93 shows, applying air recirculation increasing HVAC total annual energy demand from 42,8 to 
45.4kWh/m2a. 

Annual Analysis Air Temp. 
oC 

Relative 
Humidity 

Cooling 
kWh/m2 

System Fans 
kWh/m2 

Lighting 
kWh/m2 

Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Greenhouse + House 
kWh/m2a 

26.14 60.7 10.433 32.149 12.263 
45.4 

kWh/m2a 3.73 

Annual Total Energy 
Area (228.7m2)   

26.14 60.7 1861.3 5735.4 2790.7 10387.3 
 kWh/a 

3.73 

Table 93: Annual energy analysis of adding air recirculation in summer months. Source: DesignBuilder 
simulations. 

LOW OPERATION 1M3/S 

The dwelling HVAC system has an InDEC stage with a default secondary airflow rate of 1m3/s. In this 
simulation, this airflow value is applied for the greenhouse (Extraction Fan). The aim is to examine 
cooling the greenhouse as a by-product to the dwelling in the integrated TSEC-HVAC operation. Thus, 
the greenhouse fan flowrate is reduced to 1m3/s instead of the EnergyPlus calculated airflow of 
(2.3m3/s). This operation design is recommended when the inhabitants are interested only in cooling 
the dwelling unit. This operation could be integrated to the cooling towers of the hotel or commercial 
buildings. Figure 124 shows the simulation results for a summer typical week. At the daytime, the 
greenhouse indoor temperature is close to the ambient levels. At night, the greenhouse indoor 
temperature drops below the ambient temperature. The disadvantage of this design configuration is 
the disability to control the greenhouse temperature below 30oC at the noontime. Water condensation 
possibilities are relatively high as indicated in the air humidity chart in Figure 124.  
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The greenhouse temperature in not suitable for crop production, except for the heat-tolerant crops or 

germination stage in summer. As in Table 94, the annual simulation of this HVAC operation provides 
low total annual demand of 7367kWh/a (32.2kWh/m2a), including cooling, air recirculation, and 
lighting for the building-greenhouse prototype. More analysis and details are available in “Annexes 
4/5”. 

Annual Analysis Air  
Temp. oC 

Relative 
Humidity 

Cooling 
kWhm2 

System Fans 
kWhm2 

Lighting 
kWhm2 

Total Electricity 
kWhm2 

Mech Vent+ 
Infiltration 

House + Greenhouse  
Optimized HVAC system 

26.06 56.6 10.43 14.7 12.263 32.2 
kWh/m2a 

3.6 ac/h 

Annual Total Energy + 
Air Recirculation  

26.00 56.7 1861.3 2629.2 2790.7 
7367 

kWh/m2a 3.6 ac/h 

Table 94: Annual analysis for the HVAC low operation of (1m3/s). Source: DesignBuilder simulations. 

Recirculation Operation (Summer & Mild Months) 
Relative Humidity & Heat Recovery- Greenhouse unit 

Annual (1 January – 31 December-Daily)  

 
 

Figure 122: Appling air recirculation in the greenhouse climate in summer. Source: DesignBuilder simulations. 

 

 
Figure 123: Air relative humidity in the greenhouse as applying air recirculation. Source: DesignBuilder 

simulations. 

Low Operation 1m3/s 
Indoor Temperature- Greenhouse unit, 

Summer typical week (13 July – 19 July /Hourly average)  

 
 

Figure 124: Greenhouse indoor climate for secondary fan operation of 1m3/s. Source: DesignBuilder simulations. 
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WINTER OPERATION  

In Egypt, heating in winter is an energy-intensive process, as electricity is used for the radiative heater 
units. As mentioned in the winter simulations in Chapter III (page 75), 246 heating hours are required 
in winter when the dwelling indoor temperature drops below 18.5oC. In Hurghada and Red Sea region, 
the direct solar radiation in winter is high reaching 7.5kW/m2a. Therefore, the greenhouse unit is 
beneficiary to store the heat for the cold winter nights. The surplus heat in the greenhouse could be 
stored and released for heating the BGp in winter. Alternative operations for the greenhouse are 
discussed in this part. The HVAC operation is examined in relation to space heating and food 
production priorities. Water desalination process is promising in winter as a by-product to the 
greenhouse operation. 

Closed-Greenhouse (for heat collection) 

A closed greenhouse envelope is applied in Figure 125 to maximize the heat gain at the daytime in 
winter. It is a passive design processed where no mechanical parts are needed. As the simulation in 
Figure 126 shows, the greenhouse indoor temperature reaches 40oC at the noontime. The low thermal 
mass of the greenhouse envelope cannot store the collected indoor heat to the night heating. The high-
temperature level is beneficial only for the crops' germination stage or tropical crops. High indoor 
temperature in the greenhouse is not recommended because it limits the potentials of crops and water 
production.  
 

Semi-Closed Greenhouse (for heat and food production) 

The semi-closed scenario is recommended to avoid the heat-stress in the closed greenhouse above. In 

this case, natural ventilation is applied at the noontime. Air vents are opened when the indoor 
temperature got higher than the setpoint temperature of 28oC, as in Figure 127. At night when are 
closed, the air humidity is increased by the plants evapotranspiration process, but is not sufficient for 
the water condensation process. This operation kept the indoor temperatures in acceptable levels 
without applying the mechanical cooling,  and achieve the followings: a) supplying the heat to the 
dwelling unit, b) provide warm temperatures of average 22.5oC suitable for extending the harvest 
season to the winter, c) provide low relative humidity levels.  

Low HVAC Operation (for heat, food and water production) 

Operating the HVAC system is beneficial to maximize the greenhouse production in winter, Figure 128. 
It aims to supply heating at night, optimize the crops’ environment, and increase the water desalination 

possibilities. A particular operation schedule as is adjusted in Table 95 to the direct evaporative cooler 
and the air recirculation process. Three main processes occur in this operation: a) applying natural 
ventilation at the noontime to avoid overheating in the greenhouse, b) storing the warm seawater at 
the noontime, c) evaporating the warm seawater at the night-time to heat the greenhouse, d) 
Recirculate the warm-humid air into the greenhouse second layer to stimulate the water desalination 
process. Air recirculation in the greenhouse is essential to keep the greenhouse warm at night, and 
increase the water desalination possibilities at night. Simulation is applied for winter months between 
1st of November to 31st of March.  
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Winter Simulations 
Daytime Operation 

 

Figure 125: Daytime operation in winter, for a closed air cycle the greenhouse. Source: The researcher. 

Closed Greenhouse Unit 
Indoor & Outdoor Temperatures  

Winter design week (3 Feb. – 10 February-Hourly)  

 

Figure 126: High indoor temperature in the greenhouse closed cycle in winter. Source: DesignBuilder 
simulations. 

Semi-Closed Greenhouse Unit 
Indoor & Outdoor Temperatures  

 
Figure 127: The daily temperature average when a semi-closed operation is applied. Source: DesignBuilder 

simulations. 
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System 
Configurations 

Air Loop 
Operation 

Main Fan DEC stage In-direct 
Evap. pad 

Water 
pumping 

Natural 
vent 

HVAC 
Configurations 

Variable 
volume 

Autosized 
Direct 

CelDekPad 
Wet-coil pad Pump: 200w 

Set-point 
35oC 

Autosized  Max. 3.3 m3/s 2.5m2*0.3 m Max. 0.33 m3/s 
Fresh 

seawater Flow 7 ac/h 

       

Greenhouse 
Schedule 

Main Fan In-direct Evap. 
Direct Evap. 

pad 
Extract fans 

m3/s 

18.00-10.00 hr 15.00-16.00hr 18.00-20.00hr 23.30-01.00hr 20.00-10.00hr 
Air flow: 

0.125  
       

House Schedule 

Cooling  
setpoint 

AHU Operation ( indirect Evap-fan) Cooling  
Set-back 

Natural vent  
Setpoint 

20oC 15.00-16.00 hr 18.00-20.00 hr 23.30-01.00 hr 15oC 25oC 

Table 95: Optimized parameters for HVAC design configuration and the greenhouse cooling operation. Source: 
DesignBuilder simulations. 

As in Figure 129, the indoor air temperature kept in February below 28oC at the noontime, and higher 

than the ambient temperature at night. Applying natural ventilation decreases the indoor temperature 
at the noontime without applying extra cooling. Figure 129 shows the temperature difference between 
the indoor and the ambient dry-bulb temperatures. The DEC operation (schedule 20.00-10.00hr) is 
increasing the indoor water vapour generation. As in Figure 130, the humidity levels in the greenhouse 
rises to 95% at night, which increase the passive condensation of freshwater on the greenhouse cover. 
As in Table 96, the total energy demands of this operation is 2784.5kWh/a (12.17kWh/m2a), More 
simulation details for the low HVAC operation are available in “Annexes 3-6”. 

Winter Analysis Air  
Temp. oC 

Relative 
Humidity 

Cooling 
kWh/m2 

System Fans 
kWh/m2 

Lighting 
 kWh/m2 

Total Electricity 
kWh/m2 

Mech Vent+ 
Infiltration 

Greenhouse + House 
kWh/m2 

22.5 64.6 2.031 8.345 5.232 12.17 
kWh/m2 

2.00 ac/h 

Winter Total Energy  

Area (228.7m2)   
22.5 64.6 362.4 1488.7 933.4 

2784.5 
kWh 

2.00 ac/h 

Table 96: The HVAC total annual energy demand (low operation in winter). Source: DesignBuilder simulations. 

Heating the Dwelling Unit  

Heating the dwelling unit is processed by exchanging the heat between the supply air and the warm 
seawater in the greenhouse DEC pad. This process is vice-versa occurred for the summer cooling. The 

AHU’ secondary fan (the dwelling’ supply air) is forward the heat from the greenhouse to the dwelling 
unit. A daily operation schedule for the dwelling’s fan is adjusted over the night from 19.00hr until 
8.00hr morning, Figure 131.  

Heat extraction is also applied at afternoon when a sufficient heat is stored in the greenhouse unit. The 
heat-exchange operation has slightly increased the HVAC system energy demand. Water vapour and 
CO2 in the dwelling’s exhaust air is recirculated into the greenhouse for heat recovery. The annual total 
energy demands of the HVAC system operation is increased to 3041.2 kWh/a (11.73 kWh/m2a).  
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Winter Simulations 
Night-time Operation 

 
Figure 128: Night operation in winter, for the greenhouse air recirculation in winter. Source: The researcher. 

Low HVAC Operation Greenhouse Unit 
Winter design week (3 Feb. – 9 February-Hourly)  

Indoor & Outdoor Temperatures 

Figure 129: The greenhouse indoor temperature, night operation in winter. Source: DesignBuilder simulations. 

Relative Humidity 

Figure 130: High indoor relative humidity levels at night, winter operation. Source: DesignBuilder simulations. 

Electricity Demand (Greenhouse unit + house heating) 

 
Figure 131: Energy demand as schedule heating applied for the dwelling unit. Source: DesignBuilder simulations. 
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INDOOR CLIMATE CONDITIONS ASSISTED CFD SIMULATION 

In this section, Computational Fluid Dynamics (CFD) is used to examine the following points:  a) the 
indoor climate conditions, b) the HVAC system cooling performance, c) the best installation settings 
for the HVAC’ supply and exhaust vents and, d) the natural ventilation vents operation. Two alternative 
installation designs are proposed for the dwelling and the greenhouse. A discussion on simulation 
results, and analysis for the best design model are present at the end of this part. 

DWELLING UNIT CFD 

Table 97 illustrates two design alternatives for the dwelling HVAC’ supply vents; Design A, air supply 
vents in direction angle of (0o) to X-Y axis and 30o to Y-Z axis. Design B, airflow rotated at an angle of 
20o to the Y-X axis and 30o to the Y-Z axis. For both designs, the supply air in kitchen and bathroom 

are simply adjusted to 0.0o to the X and Y axis. The spaces’ exhaust vents are installed at the bottom 
side of the supply vents as indicated in Table 97. CFD simulation aims to avoid the harmful effect of 
the direct cold air stream to the occupant’s level (150 above the floor). The air supply vents are designed 
to provide a homogeneous air circulation in the spaces. The conditioned air-cools the upper hot air 
layers then flow in comfortable temperatures to the occupant’s level. Simulation results show that, 
design (A) has low air temperature, better air circulation and distribution in the spaces. In the design 
(B): air is not regularly circulate in the spaces and the air temperature is slightly higher than in design 
(A).  

Best Design  

Air Supply and Indoor air distribution: CFD examination is used to reach better air distribution and 

uniform temperature in the spaces. The simulation results show how the cold supply air circulate in 
the space the extraction vents. The supply airflow is adjusted to 100 l/s for the service rooms and 150 
l/s for the bed and living rooms. As in Figure 133, the supply airflow angle is 30o to Y-axis and 0.0o to 
X-axis. The cold air stream flows in a reverse direction to the natural air turbulence (replacing the hot 
air in the upper zone) and down to the occupant’s level. At the horizontal plan section (1.5m height) in 

Figure 132, a homogeneous temperature distribution in the spaces is achieved.  

Exhaust Air vents: placed at the bottom side of the ‘Supply Vents’. As Figure 132 indicates, this design 
allows 360o airflow circulation through the spaces before arriving back to the extract vents. The 
extraction rate of the Exhaust vents is 150 l/s in the bed and living rooms. The services zones (bathroom 
and kitchen) have an air extraction rate of 100 l/s.   
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 Design A  Straight Air Flow Design B  Rotated  Air Flow 

 X-Angle: 0o / Y-angle: 30o X-Angle: 20o / Y-angle: 30o 

CFD Analysis 

  

Climate Temperature  - Low air temperature with irregular 
distribution at the space upper zone,  

- Homogeneous temperature to the 
occupants. 

- Air turbulence is adjusting the space’ 
shape 

- Air temperature is slightly higher than 
in design (A),  

- irregular indoor temperature 
distribution, 

- Air turbulence cannot be defined in 
space as air flows in the (X and Y) axis 

Air Circulation  - High-temperature distribution in space, 
- Cold air flows indirectly to the 

occupants, 
- Conditioned air regularly circulates from 

the supply to the exhaust vent.  
- Air circulates in parallel to the roof 

shape. 

- Good air movement and distribution, 
- The conditioned air flows indirectly to 

the occupants level, 
- Irregular air movement into the 

spaces. 

3D-Vertical Section 

  

Table 97: CFD simulation for the supply and exhaust vents in the dwelling’ spaces, Source: DesignBuilder simulations. 

  

Figure 132: CFD 3D, air circulation & temperature in the 
dwelling spaces. Source: DesignBuilder-CFD Simulations. 

Figure 133: Air supply & exhaust vents in the living and 
kitchen rooms. Source: DesignBuilder-CFD Simulations. 
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GREENHOUSE UNIT 

Homogenous temperature distribution in the greenhouse is required to achieve a balanced crop 
production. CFD simulation is used to examine the indoor temperature distribution and air velocity. 
The simulation focused on four main issues: a) the effect of the greenhouse envelope design on the air 
distribution, b) the HVAC system vents and placing the evaporative cooling pads, c) design of natural 
ventilation vents in the greenhouse walls, d) examine the effect of the greenhouse second layer on the 
air recirculation process. 

Optimizing the Greenhouse HVAC Vents  

Numerous designs for the HVAC evaporative cooling pads and natural ventilation vents are examined 
using DesignBuilder CFD simulations in Table 98. The DEC pad (5m2*1mhight) is placed in the center of 
the greenhouse northern wall. Using double evaporative cooling pads of size (2.5m2*1mhight) each is 

examined for integrating the dwelling InDEC pads adjacent to the greenhouse.  

 

Design 1 Design 2 Design 3 Design 4 

A small central pad of 2.5 
length* 1 height 

A wide central pad of 
5.00 length* 1 height 

Two small pads of     
(2.5 lengths* 1 height ) 

Two side small pads + 
Nat. Vents optimized 

Air Vents Design  
(Natural & 
Mechanical ) 

    

HVAC, 
Evaporative 

cooling wall > 

 One central 
evaporative cooling 
pad (2.5*1 m), 

+ two side-vents, 

 One central 
evaporative 
cooling pad 
(5.0*1m) + two 
side-vents, 

 Two evaporative 
cooling pad (2.5*1 
m) each + three 
side-vent, 

 Two evaporative 
cooling pad (2.5*1 
m) each + two 
side-vents. 

Gable-end 
Design & 

Extraction fan >   

 One extraction fan, 
+ Two open side-
vents. 

 One extraction 
fan, 

+ Two side-vents. 

 One extraction 
fan, 

+ Two side-vents. 

 One extraction 
fan, 

+ Two side-vents. 

CFD Analysis >  

    

Illustration > 

- One small 
evaporative cooling 
pad is not sufficient 
for cooling the 
greenhouse. 

- The bigger 
evaporative 
cooling pad size 
has higher cooling 
efficiency for the 
greenhouse. 

-Two evaporative 
pads provide high 
cooling capacity,  

- High-temperature 
distribution. 

-Two evaporative 
pads provide high 
cooling capacity,  

- High-temperature 
distribution. 

Simulation 
Results  > 

-Greenhouse sides 
have high 
temperature than in 
the centre, 

- lower temperature 
distribution in the 
greenhouse space, 

- Cooling capacity is 
low. 

- The end parts of 
the greenhouse 
have high-
temperature levels 
than in the center, 

-The cold air 
stream is not 
enough to cool the 
space. 

- Higher 
temperature at 
the side-parts, 

 

- The cold stream 
did not reach the 
side and corner 
parts. 

-very slight higher 
zones existed at the 
greenhouse end-
corner. 

 

 Table 98: Comparison of alternative evaporative cooling pad and natural ventilation vents 
designs. Source: DesignBuilder simulations. 
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Natural ventilation vents are also examined to the assure the airflow across the greenhouse. The solid 

parts of the greenhouse southern-wall (leeward) are necessary for the air recirculating through the 
greenhouse second layer. The comparison in Table 98 shows alternative attains to optimize the 
temperature distribution and air recirculation in the greenhouse.  

The proper indoor temperature distribution provides a balanced crop production in the greenhouse. 
Air recirculation vents are carefully examined in the CFD simulations to avoid any intersections 
between the cold supply air and the recirculated air streams. Simulation is processed on more 
alternative designs, but the best alternative models are discussed in this section.  

Best Design  

Envelope design and air supply: Two alternative designs for the Evaporative Cooling (EC) Pad in the 

windward wall are proposed: a) using one central EC pad of size (5m2*1m), b) using two separated pads 
of size (2.5m2*1m) each. Based on the simulation results above, the two separated pads provides better 
temperature distribution in the greenhouse. 

Indoor Air Distribution 

CFD simulation is processed for using the EC pads and the natural vents at the same time to assure the 
air and temperature distribution in the greenhouse. As in Figure 134, the conditioned air flows 
regularly across the planting area and recirculates again through the greenhouse upper layer. In 
summer, natural ventilation vents should be closed. In winter, natural ventilation vents have a 
significant effect on the temperature distribution when the vents are open. 

Air Recirculation 

The greenhouse air temperature and relative humidity should higher than the outside air to increase 
the water condensation possibilities in the greenhouse upper layer. The temperature difference 
stimulates the humid-warm air condensation on the greenhouse second layer. As mentioned in Table 
98 above, numerous design alternatives are applied to achieve regular air recirculation in the 
greenhouse.  

As shown in Figure 135-A, the recirculated air stream intersects with the supply cold air, which affect 
negatively the cold air streams. This issue is solved in the CFD design (4), as indicated in Figure 134 
and Figure 136-B). The Design (4) provides a regular air recirculation without using fans. The air is 
regularly recirculated as in the CFD simulation in Figure 136-C. Natural ventilation vents, for example, 
should be located on the opposite side to the extraction vents to assure a linear airflow in the 

greenhouse side parts. Extraction fan should also be located in the center, in opposite to the evaporative 
pads. It is preferred to place the solid parts on the opposite side to the EC pads to stimulate the air 
recirculation. As shown in Figure 136-C, the air is reflected by the solid-wall and recirculate to the 
upper zone, where water condensation occurs. 

Design 4 provide a wide air recirculation’ vents at the upper part of the EC pads. Air recirculates in the 
greenhouse upper layer, and then mixed again with the supply air. The cold air streams are deviated 
60o to the Y-axis by the flow effect of the recirculated air stream. This Design (4) modification provide 
better airflow and recovery in the greenhouse unit.  
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Figure 134: Horizontal and vertical section in the greenhouse showing the air distribution in the lower layer 
and air recirculation into the upper layer. Source: CFD Simulation, DesignBuilder. 

 

 

 

(A) (B) (C) 

Figure 135: (A) The negative effect of narrow air vents 
design on the air recirculation flow. Source: 
DesignBuilder CFD Simulation. 

Figure 136: Model (B and C) provides better air 
recirculation in the greenhouse than in model (A). 
Source: DesignBuilder CFD simulation 
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HVAC SYSTEM MAINTENANCE AND BACTERIAL RISK PROTECTIONS  

Legionellae are bacteria which grow in a stagnated aquatic environment with temperatures ranging 
between 25-42oC (World Health Organization WHO 2008). Legionella disease can be transmitted, 
infecting humans through many water systems in buildings, workplaces, and public places (J. Bartram 
et al. 2007). The amplification of these bacteria occurred through a host such as protozoa amoebae, 
and other microorganisms, where nutrients and protection from the environment exist (World Health 
Organization 2006; W. McCoy 2006). Building water systems contain some materials such as different 
types of plastics, natural rubber, and woods, which help the growth of legionella. In contrast, another 
material such as copper inhibits bacteria amplification. Legionella transmission risk from 
contaminated water to humans could occur through the moist aerosols in water droplets ranging 
between 1-5 micrometres in diameter, the people inhale the water droplets lower than 5 micrometres 

in diameter (W. McCoy 2006). ASHRAE guideline 12-2000 and the report of 188-2015 have mentioned 
that cooling towers and evaporative condensers are the common sources of legionella contamination. 
The disease could be transmitted up to a distance of 3 kilometres from the exhaust aerosols of these 
systems. Numerous operation conditions and places are associating themselves with the beginning of 
legionella contamination such as the restart of the cooling towers after a long shutdown period, 
stagnant water in the reservoir, and lack of maintenance and inspections scheduled (US Labor 
Department)(W. McCoy 2006).  

ASHRAE report 2015 mentioned that, using the direct evaporative cooling pad (DEC) is safe; the cooling 
pad is not releasing water droplets, which transmit legionella contamination in to air. The cold air is 
released only from the surface of evaporative cooling pad. The same for the indirect evaporative cooling 
(InDEC), the supply air is cooled indirectly by the secondary airflow (ASHRAE 2015).  

ASHRAE has recommended design procedures, treatment, and monitoring for legionella risk in 
building water systems. ASHRAE has divided the building systems that are associating with legionella 
risk as following: 1) potable water systems, 2) heated Spas, 3) architectural waterfall systems, 4) 
cooling towers, 5) direct evaporative coolers and evaporative condensers, 6) indirect evaporative 
coolers, 7) metalworking systems (ASHRAE 2015). There are mainly two disinfection methods which 
are recommended to avoid or overcome the amplification of legionella bacteria in the building: a) 
thermal disinfection method, where the building water systems are flushed for more than 5 minutes 
with hot water of temperatures between 71 to 77oC. b) using a hyper-chlorination method, where free 
chlorine of lower level of 2mg/L (ppm) and a maximum of 4 ppm are added to the water system for a 
minimum of two hours and lower than 24-hour. The chlorine should be EPA-registered products 
recommended by the U.S Environmental Protection Agency (EPA) or from the local legislations. The 

chlorine is not generally recommended as it causes corrosion of system pipes. 
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PREVENTION OF LEGIONELLA 

The following are the general procedures that should be applied to avoid bacterial growth in 
evaporative cooling systems (DEC and InDEC): 

 Using potable water in HVAC systems, or brackish water after apply adequate treatment and filters,  

 water networks should avoid any dead-ends or spots where water might stagnate by shutdown 

periods, 

 using recirculating pump systems and positive draining for the water reservoir, 

 the water should be drained from the system components, and especially the water reservoir, 

 the water used in the systems should be flushed out on a monthly basis,   

 using photochemical ozone generators to avoid microbial concentration in the water,  

 the DEC pads should be located far from any organic contamination source, such as kitchen exhaust 

air,  

 schedule cleaning for the water and air filters, 

 adding a filter to the HVAC outlet vent could also help to absorb the moisture from the air supply, 

 applying quarterly/half annual inspection and maintenance schedule. 

BACTERIA PREVENTION IN THE OPERATION STAGE 

Additional procedures could be applied through the building operation time as following: 

 Applying continuous water bleed-off in some cases at the shutdown periods, 

 applying purging for the water to avoid increase of nutrients, 

 retaining a proper sump water level in the water reservoir, 

 automatic draining of the water reservoir with a shutdown of the HVAC system fan, 

  regular inspection of the water bleed rate or purging should be applied, 

 during HVAC system shut down, the wetted pad should be dried by shutting down the water pump 

unit,  

 to avoid contamination of the pad, water should flush-out for 24 hours in the system shutdown 

times,  

 Evaporative pads should be cleaned or replaced based on the producer company instructions. 

ECONOMIC ANALYSIS 

This section discusses the economics of the HVAC system components, besides cost analysis for the 
integrated TSEC-HVAC system. Detailed HVAC components and specifications are presented in tables, 
providing the HVAC settings, fan sizing, and materials of each component. At the end of this part, Table 
102 presenting an economic analysis for the HVAC application including the initial and operation costs. 



      Chapter IV 

 

 

     167 

TECHNICAL DETAILS OF HVAC SYSTEM  

Greenhouse Unit’ HVAC system  

The greenhouse cooling system is consists of a one-stage direct evaporative cooling DEC. The airflow 
rate of the extraction fan is 3.3m3/s and the evaporative cooling pad size is 2.5m2 to 5m2 and 0.15 
thickness as in Table 99. A pre-treated seawater or brackish water is utilised in the evaporative cooling 
to minimize the use of freshwater. 

HVAC  
Components 

Sizing Energy 
W 

Operation  
hours /mode 

Air flow 
Maximum  

Efficiency 
% 

Materials 

Main Fan (AHU) 600 Pa 
1915.9 W 

857.1 W-s/m3 heat/cool 2.24m3 70% 
stainless 

steel 

Direct Evaporative pad 2.5m2*0.3cm - cooling - 80% cellulose 

Water Pumping - 200 W autosized - - PVC 

Thermostat - - autosized - - - 

Table 99: The greenhouse DEC-HVAC system components. Source: DesignBuilder HVAC system parameters. 

Dwelling Unit’ HVAC System  

A Two-stage (InDEC and DEC) Evaporative Cooling system (TSEC) is used for the dwelling cooling. 
The mechanical parts of the HVAC system are in Table 100: two air fans (main fan and a secondary 
fan) and two water pumps. The indirect cooling stage has high water consumption and requires high 
fan flow capacity. Drinkwater is used only in the direct evaporative cooling stage to avoid the corrosion 
of HVAC’ system components. 

HVAC   
Components 

Sizing Energy 
W 

Operation  
hours /mode 

Air flow 
Maximum  

Efficiency 
% 

Materials 

Main Fan (AHU) 600 Pa 283.99 W 
857.14 W-s/m3 

heat/cool 0.33 
m3/s 

70% PVC 

Secondary Fan (AHU) 200 Pa - cooling 0.4 m3/s 70%  stainless 
steel 

Indirect Evaporative pad flow ratio: 0.16 - cooling - 80% cellulose 

Direct Evaporative Pad 0.4m2*0.3 cm - cooling 0.4 m3/s 80% cellulose 

Water Pumping (1) - 200 W autosized - - PVC 

Water Pumping (2) - 200 W autosized - - PVC 

Exhaust fans 125pa 31 W 
208.3 W-s/m3 autosized 0.15 

m3/s 60% PVC 

Thermostat - - autosized - - - 

Table 100: The TSEC-HVAC system details for the dwelling cooling. Source: DesignBuilder HVAC system 
parameters. 

Economics of the Integrated HVAC Model  

The integrated TSEC-HVAC design minimizes the components of the HVAC system as in Table 101. The 
indirect cooling stage of the dwelling unit is discarded in the integrated TSEC-HVAC system. The 
modification is discarding the secondary fan, the water-pumping unit, and the freshwater used in the 
InDEC stage for the dwelling unit. Low freshwater and energy demands are required for the system 
operation. The greenhouse’s EC pad design is an integrated design (Design Model 3: Integrated HVAC 
(Intervention)  



HVAC intervention   

 

 168 

HVAC  
Components 

Sizing Energy 
W 

Operation  
hours /mode 

Air flow 
Maximum  

Efficiency 
% 

Materials 

Main Fan (AHU) 600 Pa 
1915.9 W 

857.1 W-s/m3 
heat/cool 2.24 m3/s 70% PVC 

Secondary Fan (AHU) 200 Pa 
283.99 

857.14 W-s/m3 
heat/cool 0.33 m3/s 70% 

Stainless 
steel 

Indirect Evaporative pad 1m2*0.2cm - cooling - 80% cellulose 

Direct Evaporative Pad 0.4m2*0.3cm - cooling 0.33 m3/s 80% cellulose 

Water Pumping (1) - 200 W autosized - - PVC 

Water Pumping (2) - 200 W autosized - - PVC 

Exhaust fans 125pa 
31 W 

208.3 W-s/m3 
autosized 0.15 m3/s 60% PVC 

Thermostat - - autosized - - - 

Table 101: The system components of the integrated HVAC model. Source: DesignBuilder HVAC system 
parameters. 

 

ECONOMIC COMPARISON OF HVAC APPLICATIONS IN HOUSING 

The research focused on providing an affordable BGp in the arid areas, where limited access to water 
and electricity is available. In the affordable housing units in Egypt, no particular air conditioning 
system is applied except using fans for mechanical ventilation. As mentioned in Chapter II, the 
governmental housing (GDp) has a sum of four suspended ceiling fans installed in the living and 
bedrooms. Small extraction fans are usually used to ventilate the kitchen and bathrooms. The heat 

pump HVAC system is expensive because of the high initial and operation costs. The low thermal mass 
of the GDp increase the heat losses through the building envelope. 

This section discusses in Table 102, an economic comparison of four ‘HVAC Applications:  

Application (1) is a conventional heat pump cooling system for the dwelling unit. Application (2) is a 
Two-Stage Evaporative Cooling system (TSEC) fot the dwelling unit. Application (3) is a low operation 
for the integrated –TSEC-HVAC system applied for the BGp. Application (4) is a full cooling operation 
for the integrated TSEC-HVAC system for the BGp and for commercial food production. The energy 
consumption cost is calculated using the Egyptian electricity tariff (April 2016) for residential buildings. 
The Egyptian Ministry of Electricity and Energy promotes an online calculator at the web-link: 
(https://www.egypt.gov.eg/services/elecpub/electriccons.aspx).  

The conventional heat pump cooling system is implemented in the application (1) for cooling the 
dwelling unit only. As shown in Table 102, this system requires high initial costs and operation energy 
of 5971.3 kWh/year. Heat pump system requires also a good electricity access which is not available in 
the remote areas.  

Application (2) the annual energy demand of TSEC-HVAC system is 3899.5 kWh/a, which is 34.7% 
lower than the Heat-Pump cooling system in application (1). As shown in Table 102, the evaporative 
cooling system is an economical cooling system requires low installation and operation costs. It is a 
low-tech system, which could be locally manufacture without technological sophistications.   

https://www.egypt.gov.eg/services/elecpub/electriccons.aspx
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Application (3) is for the building-greenhouse prototype with low cooling priority for the greenhouse 

in summer. The HVAC system’s fan has a maximum airflow rate of 1m3/s. The greenhouse evaporative 
cooling pad is used mainly as a pre-cooling stage for the dwelling unit. The BGp-application (3) requires 
annual energy demand of 7367kWh/a. The total energy demand of application (3) is higher than the 
application (2) as the HVAC-fan is additionally operated at the afternoon time (12.00-16.00hr) to 
ventilate the greenhouse. The indoor climate of the greenhouse reaches 38oC in summer, which is not 
applicable for crop production, but suitable for crops germination stage only.  

Application (4) has an annual energy demands of 9779.6 kWh/a, required for cooling and lighting the 

BGp, Figure 137. This operation provides high controlled greenhouse climate, it is necessary for the 
commercial greenhouses or industrial agriculture production. The greenhouse evaporative cooling pad 
is utilised as a pre-cooling stage for the owners or the labour housing units adjacent to the greenhouse. 
The integrated TSEC-HVAC system requires air network ducts to transport the cold air into the spaces. 

The network cost is relatively low (approximately 2000 LE) installed through the building construction 
phase. The accumulation of algae or salts on the EC pad surfaces raise the static pressure and reduces 
the cooling performance of the evaporative cells. Thus, half-annual maintenance for the HVAC system 
should be applied. Maintenance schedule could be minimized when a continuous water dripping or 

periodical filling the sump is applied. Using black coated polishing and shading are reducing the algae 
growing risk. The dwelling HVAC-DEC stage is operated by a tap water and requires minimal 
maintenance schedule.  

More Details of the monthly electricity demands and costs are available in Annexes 
(4/ 9-10-11-12-13-14). 
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HVAC System 

Alternatives 

Application 1 Application 2 Application 3 Application 4 

Heat Pump  
(AC unit) 

DEC System 
(Optimized) 

Two-Stage Evaporative 
Cooling 

Integrated TSEC-HVAC 
Low Operation (1m3/s) 

Integrated TSEC-HVAC 
High Operation 

House  Greenhouse  House  House Greenhouse House Greenhouse 

Energy Demands 
kWh/a 

5971.3 
kWh/a 

8237.6 
kWh/a 

3899.5 
kWh/a 

7367 
kWh/a 

9779.6 
kWh/a 

Integrated  

HVAC unit 
  Separated operation = 12137.1 kWh/a 3398.98  +  4129.5 3398.98  +  6380.6 

kWh/m2a 
98.04 

kWh/m2a 
46.174 

kWh/m2a 
64.024 

kWh/m2a 
55.8 

kWh/m2a 
23.1 

kWh/m2a 
55.8 

kWh/m2a 
35.6 

kWh/m2a 
Energy Cost  
[Operation Cost] EGP LE 

1986.7 
EGP/a 

3273.8 
EGP/a 

956.6 
EGP/a 

836.2 
EGP/a - 836.2 

EGP/a 
1852.4 
EGP/a 

Energy cost in Euro € 
convert date 09.03.2016 

231.3€ 381.2 € 111.4 € 97.4 € - 97.4 € 365.6 € 

Construction Costs 
HVAC System Costs >  

(4 AC units) 

14000 EGP 
1000 ≈4000 ≈4000 ≈ 9117 

Greenhouse Costs > - 3000 - 3000 5000 

Dwelling Construction 
Costs > 

113450.8 113450.8 113450.8 113450.8 113450.8 

Total Costs  
118333.8 EGP 

11826.31 € 
5000 EGP 
499.70 € 

104333.8 EGP 
10427.14 € 

107333.8 EGP 
10726.96 € 

109333.8 EGP 
10926.84 € 

Needed Resources 
High Electricity 
+ Water + Food 

+ Income 

High Electricity 
Low freshwater 

Low Electricity + Water 
+ Food + Income Low Electricity Medium Electricity 

Maintenance frequency 
[Annual] 

once /year once /year Each 6 months Each 6 months Each 6 months 

System  
Requirements 

High Electricity 
load 

High Electricity 
load 

Freshwater + Low 
Electricity Seawater + Low Electricity Seawater+ high Electricity 

loads 

Table 102: Economic comparison of the HVAC alternative applications for the BGp. Source : the Researcher based on of DesignBuilder simulation and electricity costs 
from (The Egyptian Ministry of Electricity and Renewable Energy 2016) . Currency calculation (Egyptian pound to Euro) converted in April 2016 
* Note: more details for the electricity and construction costs are available in Annexes 4 / (9-10-11-12-13-14). 
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Figure 137: Economic analysis for the building, the greenhouse, and the integrated BGp applications. Source: The researcher after DesignBuilder simulation results. 
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SUMMARY OF 
CHAPTER IV 

The harsh climate and living conditions in the Red Sea are asking for innovative development of an 
economical and autarky housing prototype model. As mentioned in Chapter II, applying open-field 
agrosystems in coastal areas is a dilemma because of the high salinity and poor fertility of the soil. 
Applying a hydroponic agrosystem in greenhouses provides a controlled planting climate and high food 
yield without a need for soil. It provides also high management mechanism for the energy and water 
resources. Building-greenhouse prototypes (BGp) are adding a socio-economic factor to the coastal 
urban areas besides improving the inhabitant’s living quality. Installing a greenhouse unit is optional; 
the inhabitants could decide to build it themselves in the house’s backyard area. Small funding 
mechanism from the government or investors could support the dwellers for the construction and the 
first operational phases of the greenhouse unit. For the industrial scale, multi-span greenhouse 

modules will be constructed in bigger spans. The adjacent buildings will benefit from the greenhouse 
cooling system and decrease the energy demands required for building cooling and heating throughout 
the year.  

Three main issues have been discussed in Chapter VI. A) Analysis of three alternative HVAC design 
models, including an intervention HVAC Model for BGp integrated prototype b) comparison of the 
annual analysis for the three alternative design models, c) Operation analysis and CFD simulation 
analysis for the Integrated HVAC model, d) Economic analysis for the alternative HVAC operations. 

The Design Model 1 “Separate-HVAC Model”, requires high annual energy demands of 12137.1 kWh/a. 
The initial costs of this model are high, as separated HVAC units should be installed for each, the house 
and the greenhouse. The Design Model 2 “Combined HVAC” has an annual energy demand of 13618.6 

kWh/a. This design model requires high initial and energy costs. Combined models require installing 
a bigger HVAC unit to cool the greenhouse and the house. The system will also be complex in the 
installation and operation phases, a high operation energy demand is required even when low cooling 
capacity is necessary for the dwelling unit. The Design Model 3 is the “Integrated HVAC system” which 
considered a new HVAC intervention. The idea of this system is to utilise the greenhouse’s evaporative 

cooling pad as an indirect cooling stage for the dwelling unit. The integrated HVAC model reduces the 
annual energy demands to 9779.6 kWh/a because of discarding the InDEC stage of the dwelling unit. 
In addition to saving the freshwater used in the InDEC stage. The integrated HVAC system increases 
slightly the greenhouse’s indoor temperature and the energy demand. Since the DesignBuilder 
software program is limited to design such integrated HVAC models, TRNSYS simulation software is 
used to confirm the design theory of this model. TRNSYS assists monitoring the temperature and 
relative humidity of the HVAC’ supply air and exhaust air in comparison to the ambient climate 

conditions. TRNSYS simulation results have preliminary confirmed the results of the integrated HVAC 
model. Annexe (2-1) includes an additional examination of different HVAC designs using TRNSYS. The 
integrated HVAC design model provides the following advantages: a) low energy demands for both the 
dwelling and the greenhouse unit, b) high efficient use of energy and water resources throughout the 
HVAC operation stage, c) integrating the InDEC stage into the greenhouse is reducing the technical 
components of the HVAC system, d) recycling the waste energy and watervapour in the greenhouse 
for water desalination process at night.  

The section “Annual Analysis of the Design Model” discusses in details different operations load for the 
integrated HVAC system. The HVAC system operation with a maximum airflow of (1 m3/s), reduces 
the annual energy demands but increases the greenhouse temperature to 38oC in summer. The 
greenhouse cooling in this system is a by-product to the dwelling unit cooling.  
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Applying air recirculation in the HVAC design have increased the annual energy demand to 7367 kWh/a, 

that including the cooling and lighting energy. The HVAC system could be used for supplying heat in 
winter, as the greenhouse unit is store the sun heat for later uses at night. The temperature difference 
between the night and daytime contribute towards increasing the condensation of freshwater on the 
greenhouse cover. No energy demands are required in winter when a closed greenhouse envelope or 
natural ventilation are applied. The HVAC energy demands for lighting, heating, food and water 
production in winter is 2784.5 kWh/a (12.2 kWh/m2a).  

Computational fluid dynamics simulation (CFD) is used to improve the HVAC design and operation for 

the building-greenhouse spaces. The aim is to provide a homogenous temperature distribution and air 
circulation in the spaces. Two alternative designs have been examined for the supply and extraction 
vents in the dwelling unit. The alternative CFD ‘Design 1’ provides low indoor temperature and better 
air circulation to the occupant’s level in the dwelling zones. In the greenhouse, CFD simulation used to 

optimise the greenhouse design for the evaporative cooling pads, natural ventilation vents, air 
recirculation vents, and the extraction fan. Simulation is used to modify the greenhouse envelope 
design to achieve regular air recirculation in the upper layer without additional fans.  

An economic study for BGp is discussed at the end of Chapter IV. The analysis included four HVAC 

applications: two are HVAC systems for cooling the dwelling unit only, and two for integrated BGp. 
The conventional HVAC cooling ‘Application 1’ requires high annual energy demand of 5971.3 kWh/a, 
in comparison to 3899.5 kWh/a of the application (2) needed for the two-stage evaporative cooling 
system. These applications used when the occupants prefer to cool the dwelling unit only. Applications 
(3-4) are suitable when the occupants prefer to produce food by the integrated HVAC design. 
Application (3), the greenhouse extraction fan has an airflow rate of 1m3/s. This operation keeps the 
greenhouse temperature up to 38oC, which is not suitable for crop production, but suitable for plants 

germination or water desalination. Application (4) is for commercial greenhouse and crop production. 
The BGp HVAC operation is high reaching annual operation of 9779.6 kWh/a. Air recirculation is used 
in application (4) to provide cooling loads, food production, and water desalination for the BGp. This 
prototype works effectively in the hot-arid climates, where plenty of seawater or brackish water exists.  

Applying BGp in urban communities, it will provide a new socio-economical perspective. The 
inhabitants could decide themselves to use the greenhouse by or for letting it. For example, investors 
could rent the greenhouse units and operate it for commercial food production. In this case, the 
dwellers will get the benefit of low cooling loads of 3398.9 kWh/a instead 3899.5 kWh/a, and the 
greenhouse demands will be reduced to 6380.6 kWh/a instead of 8237.6 kWh/a for the investors. Both 
the dwellers and the investors will benefit by paying lower energy costs. The same in winter, the 
commercial operation for the greenhouse production will provide free heating for the dwellers and 

very low operation costs for the investors. The total energy demands for the greenhouse in winter is 
2784.5 kWh/a (12.17 kWh/m2a). As mentioned in Chapter II before, the governmental and the 
institutional support are required for the BGp to assist the dweller to build and operate the greenhouse 
unit. The investors could participate in operating and maintaining the greenhouse unit’s production. 
More details for the building-greenhouse eco-systems will be provided in “Application & Conclusion” 
of Chapter V.
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SYSTEM APPLICATIONS 

he last chapter presented the alternative HVAC models and selection of the best HVAC model (3). 
In this chapter, the applications of the integrated TSEC-HVAC model (3) is applied on the BG-
prototype. The know-how of the HVAC design application are discussed details in the following 

section.  

THE BUILDING-GREENHOUSE PROTOTYPE (BGP) 

The Two-Stage Evaporative Cooling system (TSEC-HVAC) has a similar design as the split Air 
Conditioning units (AC). It consists of two units; an indoor unit (DEC stage), and outdoor unit (InDEC 
stage) installed into the greenhouse leeward wall. The HVAC system has simple design components 

and network as shown in Figure 138. The dwelling airflow rate (main fan) is 0.3 m3/s, while the 
greenhouse extraction fan (secondary fan) is adjusted to 2.3 m3/s. In summer, the HVAC system is 
designed to keep the dwelling indoor temperature at 25oC, and lower than 28oC in the greenhouse. 

The Dwelling Unit 

As indicated in Figure 138, part of the greenhouse EC pad is designed as an ‘InDEC-heat exchanger’ 
where the dwelling’s supply air is pre-cooled (Indirectly) by the greenhouse supply air. The heat 
exchanger is a “Preamble-Walled Flat-Plate Recuperator”, where the heat and mass transfer occurs. 

This design reduced 50% of the buildings HVAC system components, in addition to saving more than 
12% of the building cooling energy. The design details of the heat exchanger will be a topic for the 
future research work.  

The dwelling unit design is consists of two studio apartments of area 60.9m2. The plan design is flexible 
to modify as a family house as well. Placing the greenhouse at the dwelling’s east-west façades is 
minimizing the heat transfer from the greenhouse to the building spaces. The dwellers are benefit from 
the greenhouse structure by casting shading, which minimizes the heat stress on building façades. It 
will also decrease the HVAC design complexity and the dimensions of the HVAC ducts network. The 
plan section in Figure 139 indicates the HVAC system network, the supply air vents, and the AHU unit 
in the building plan. 

T 

 

Figure 138: TSEC-HVAC system design diagram. Source: The researcher referred to the HVAC-Design Model (3). 
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Figure 139: Plan section in the Building-greenhouse showing the HVAC air distribution ducts. Source: The 
researcher. 

 

Figure 140: Cross-section in the building-greenhouse prototype illustrates the HVAC system Design. Source: The 
researcher. 
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Outdoor Air Inlet: Two inlet air vents for the dwelling units are installed in the greenhouse 

evaporative wall (windward façade). Each inlet is driving the outdoor air into the InDEC and the DEC 
stages then to the building spaces. The air inlets are indicated in Figure 138 and Figure 139. 

Air Handing Unit (AHU) & Network: the HVAC system has a decentralized AHU design. Figure 139 
and Figure 140 shows the HVAC network ducts, the main and secondary air streams, and the exhaust 
air. The air ducts are designed to minimize the travel distance of cold air to the conditioned spaces. Air 
ducts size are changing hierarchy in size based on the space distance from the AHU. 

Supply and Exhaust Air Vents: the cross-section in Figure 140 shows the supply air inlets and outlets 

vents. The supply and extraction vents are attached to a split unit as discussed in the CFD simulations 
in Chapter IV. The supply air circulates in comfort temperatures to the occupant’s level and returns 
back to extract vents. The building exhaust air is forward to the greenhouse upper-zone.  

Exhaust Air Cycle: the greenhouse extraction fan (secondary stream) apply a negative pressure to the 
greenhouse and the building spaces. The negative pressure in the building could discard installing of 
exhaust fans, but the airflow rate of the greenhouse extraction fan will slightly increase. 

The Greenhouse  

The main and the secondary air streams are indicated in Figure 141, the greenhouse airflow rate is 
2.3m3/s. The greenhouse HVAC system is designed based on the CFD optimizations in Chapter VI. The 
CFD Design (4) in Figure 142 consists of two evaporative cooling pads for the temperature distribution 
in the greenhouse.  

The solid parts on the opposite side to the DEC pad are useful to stimulate the air recirculation 

dynamics into the greenhouse upper-zone. The side-natural ventilation vents (Figure 142) are closed 
in summer to increase the outside airflow through the evaporative pads. In winter, ventilation vents 
are adjusted to indoor temperature setpoint of 28oC. At the daytime, vents are closed to maximize the 
solar thermal heat, collection, which is used for heating at night. 

The greenhouse extraction fan (secondary fan) is split into two vertical fan designs, as in Figure 143. 
The temperature distribution in the greenhouse will be enhanced, as it stimulates regular air 
circulation in the greenhouse upper-zone (Figure 143). The vertical fan design is essential for the 
greenhouse applications in the urban context, that to avoid releasing the warm exhaust air to the 
adjacent buildings. 

Water Condensation: the possibilities of water condensation is high when the temperature difference 

between the daytime and night is high (Figure 143). Two procedures are applied to increase the water 
condensation process: a) adding a second evaporative cooling pad to increase the air RH saturation to 
100%, b) using a seawater condenser coil to stimulate active water condensation. Studying the water 
condensation process and quantities will be discussed in the further research work. 
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Figure 141: A simple illustration of the integrated HVAC 
system design. Source: The researcher. 

Figure 142: Greenhouse envelope design, HVAC supply 
air, natural ventilation, and exhaust vents. Source: The 
researcher. 

 

 

 

Figure 143: Standard greenhouse unit design, illustrating air circulation and recirculation paths. Source: The 
Researcher. 
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AVOIDING LEGIONELLA RISK IN THE HVAC SYSTEM DESIGN 

As mentioned before, based on the ASHRAE report 12-2000 and 2015, the risk of legionella is not 
common in the DEC pad as no water droplets are processed (J. Stout 2007). However, besides the 
procedures mentioned before, the following design and procedures will be applied in the TSEC-HVAC 
system to prevent legionella risk:  

DEC Stage  

- Using the house portable water in the DEC pad stage,  

- discarding the water reservoir of the DEC stage could avoid contamination of water and allow 
continuous water draining. The drained water will be reused in the greenhouse irrigation systems,  

- the operation of the water pump should be synchronised with the HVAC fan operation schedule,  

- if necessary, adding filters on the air outlet vents will stop the moisture accompanying the supply 
air, 

- locating the HVAC system air inlet vents at a distance from the exhaust vents, which are a source of 
organic infections.  

InDEC Stage  

The two-stage design of the HVAC system allows using alternative designs and operations in a cohesive 
relation with the periodical inspection control. The first alternative is using brackish or treated water 
in the InDEC stage. The second alternative is using seawater in the InDEC stage in the wet-coil heat 
exchanger. In both alternative cases, the following points should be applied:  

- Using water filters to avoid build-up of debris or solids which could stagnate the cooling pad, water 
pipes and water reservoir,  

- if necessary, using air-air heat exchanger in the InDEC stage to avoid transfer of any moist 
contaminated with legionella in the HVAC supply air, 

- drying the cooling pad, or water flushing out for 24 hours at the shutdown periods are necessary. 

HVAC System Maintenance  

- Maintenance for the TSEC-HVAC system should be scheduled every 6 months. Quarterly inspection 
and purging for the HVAC system components should be applied, 

- the evaporative cooling pad as well should be periodically cleaned or replaced if necessary depending 

on the product instructions. The water sump should also be flushed and cleaned on a monthly basis, 

- The evaporative pad should be dried by synchronizing the water pump shutdown with the HVAC 
fan,  

- the HVAC system components should be cleaned and disinfected after the long shutdown period in 
winter and before the start of operation in summer. 
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SYSTEM ECOLOGY 

The Red Sea coast is one of the world’s sensitive ecosystems, where special Littoral and marine habitats 
are living. A sustainable use and recycle of the local resources are essential to avoid the environmental 
negative effects. This part discussed the sustainability of the HVAC system and BGp design as in Figure 
144. The design theory is based on the BGp design guidelines, the example applications in El-Gouna 
Farm, and the experimental projects in El-Gouna mentioned in Chapter II.  

 

Figure 144: System ecology diagram, illustrating the lifecycle of food, energy, and water. Source: The researcher. 
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Energy Cycle  

The energy and mass flow of the HVAC system operation are illustrated based on the simulation results 
in Chapter III, as following:  

- The water vapour (latent heat) produced by the plants evapotranspiration, the building spaces, and 
the HVAC system is recovered into freshwater after the condensation on the greenhouse upper-zone,  

- The greenhouse extract fan is work as a secondary fan for the dwelling unit to save energy. The 
secondary air stream (waste-energy) is considered the greenhouse cooling air, 

- The cold seawater (sensible heat) is used in the DEC and InDEC stages in the greenhouse, Figure 

145 

- In winter, to heat the greenhouse air at night, the HVAC system is used to exchange the heat between 
the greenhouse (warm air) and the seawater to store the heat in the water. At night, the warm 

seawater will be evaporated to release the heat in greenhouse envelope.  

- The closed greenhouse air-cycle is a thermal heat storage in winter for heating the dwelling spaces. 

 

Figure 145:  Energy cycle diagram. Source: The researcher based on the research design results and findings. 
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Water Cycle 

The water cycle is divided into three parts; freshwater, seawater, and brine water cycle. Water cycle 
allows monitoring of the water efficiency, recovery, and treatment as following:  

Freshwater is needed for the building tap water and the HVAC-DEC stage. The produced greywater 
will be filtered for the open-field planting, such as Jatropha shrubs and trees. As mentioned in Chapter 
II, these are desert plants suitable for biodiesel productions. The seeds cake of Jatropha tree is used 
after treatment for fish and animal feed (R. Brittaine, N. Lutaladio. 2010). Desalinated water: 
Desalinated water quality is not confirmed yet for house uses; water will be mixed with seawater to 

minimize the salt content and used in the irrigation system or fish farming (Figure 146).  

Sea and brine water: The evaporative cooling process increases the dissolved oxygen content of water. 
Based on the experimental projects in El-Gouna, it is possible to use the produced brine water in the 

fish farming or mangroves shallow lakes. The effluent water quality is suitable for organisms living in 
fish farms or recycled into artificial mangroves lakes, where several commercial fish species and 
crustaceans are hosted (Figure 146). 

 

Figure 146: Water cycle diagram. Source:  The researcher based on the research design results and findings. 
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Solid Waste Recovery 

Sustainable recovery for the building black water 
and solid wastes are necessary. Small-scale 
compost units are suitable for dwelling uses for 
example. The crops residual of the greenhouses 
requires bigger compost units. The technology of 
the Hydrothermal Carbonization of biomass (HTC) 
could be integrated into the building-greenhouse 

community for scalable applications. As in Figure 
147, HTC is used for recycling the solid wastes  into 
carbon energy or fertilizers (M. Antonietti, B. Hu et 
al. 2010). The technology of hydrothermal 

carbonization has been experimentally used and 
now developed on the industrial scale. This 
technology provides recovery of the resource 
through a low energy and non-polluted process.  

The produced bio-coal pellets are used as biofuel for energy production engines. Using hydrothermal 
carbonization in rural-urban scale would contribute the urban sustainability. That besides the energy 
reuse, minimizing the CO2 emissions and minimize the urban footprint of BGp communities.  

RURAL-URBAN  

The integrated BGp is suitable for rural-urban communities; it positively effect on in the urban context 

and enhancing the occupant’s living style. As in Figure 148, the building-greenhouse prototype is the 
core unit, which could multiply in numerous urban patterns. Different urban typologies are applied 
based on the urban context. Using the building backyard space for the greenhouse units will affect 
changing the urban infrastructure. Direct solar radiation is necessary for plants growth in the 
greenhouses. The building heights should be regulated  to avoid shadow casting on the greenhouse 
units. The two-story dwelling units could be built for example at the north direction to the greenhouse 
units as in Figure 149.  

The streets network should be considered in the urban design, in relation to other consideration such 
as the functionality of infrastructure network, planting products, services, emergency, and 
maintenance access. The open spaces between the clusters are necessary for the multi-functional uses 

and activities. The design in Figure 148 and Figure 149 are abstract design for the accumulation of 
prototypes in linear or compact clusters design. The urban design is planned for connecting the 
greenhouse units closed fish farms units to enhance the water cycle and reuse. The HVAC cooling 

system could be adjusted to lower cooling temperature setpoint for other uses such as workshop space 
and small agriculture industries. Poultry farms, fish farms, and warehouses are other alternatives for 
the greenhouse unit using the TSEC-HVAC system concept.  

 

 

Figure 147: HTC technology to convert the 
agriculture residual to carbon energy or biochemical. 
Source: ingelia Company (2011). 
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Figure 148: Abstract design for building-greenhouse typology in the rural and urban agriculture scales. 
Source: The researcher. 

  

 

Figure 149: Abstract urban design for integrating greenhouses and aquaculture units on the urban scale. 
Source: The researcher. 
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DISCUSSION 

In Egypt, the average electricity consumption per capita is 1230 kWh/year. This value in low in 
comparison to the European countries as in Germany, which is 2700kWh/year/capita (BDEW 2013). 
The Egyptian state subsidises the energy costs of residential sector when the inhabitant energy demand 
is lower than 650 kWh/month. That to support the inhabitants of the economic and middle class in 
Egypt (G. Hanna 2013). This section is focusing on relating the current research results to the Egyptian 
market and applications. The discussion is comparting the integrated TSEC-HVAC system and 
operation to the commercial AC units. Besides discussing numerous qualitative research studies in this 
regard, including field surveys and simulation analysis for the occupant’s end-use energy in Egypt. 

THE DWELLING UNIT 

In Egypt, the users normally do not apply operation-cooling schedules for the HVAC unit that to 
minimize the operation time and save energy costs. As Attia (2012) mentioned, the information of the 
cooling energy demand in the residential sector is limited or out-of-date. Based on the survey by the 
(Development Research and Technological Planning Centre 1999; Organization for Energy Planning 
2002) the average end-use energy in Cairo reaches 2866 kWh/year per apartment, the AC cooling load 
is assumed to be 17% of the end-energy use. AC is a commercial cooling system used due to the high 
cooling capacity in the residential sector. As in Table 103, the commercial AC unit of (C rate- cooling 
and heating) has a cooling capacity of 3.46kW and energy demand of 1.2kWh. The monthly electricity 
demand of this unit is 218 kWh for six hours/day. For example, installing two split units in the living 

and bedroom (2 zones) demands 436kWh/month, for cooling only.  

Operation Type: PU 010 Type: PU 012 

Nominal Cooling Capacity KW- Btu/hr 2.64 - 9000 3.46 - 11800 

Cooling Power Consumption 930 1210 

Air Flow Rate (At high speed & dry coil) m3/s   CFM 0.15 / 320 0.15 / 320 

Energy efficiency ratio (EER) 9.68 9.75 

Table 103: AC unit’s specification in the Egyptian market from (Unionaire Company). Source: (Unionaire 2016) 

S. Attia, A. Evrard (2013) argued the difficulties to evaluate the cooling systems loads in the residential 
sector. They did a field survey on 1500 apartments in three metropolitan cities. They used 
DesignBuilder simulations model to calibrate the building features with the end-use energy. S. Attia, A. 

Evrard (2013) provided a benchmark model for the commercial AC unit and fan energy in the 
occupant’s end-use bills. The results show that, the energy demand for the apartment typology in hot-
arid climates as for the Red Sea region, is 31kWh/m2/year. The end-use energy of an apartment with 
an area of 120m2 is 3720 kWh/a; including 1898 kWh/a for household appliances and 1822 kWh/a for 
cooling a zone area of 60m2. They mentioned the low AC operation period from 15 May until-15 
September and for 6hrs/day in the living and/or bedrooms (Shady Attia 2012). The occupants use the 
ceiling fans for cooling in the mild climate conditions. Table 104 highlights the house appliances energy 
in Egypt, including TV, fridge, dishwasher, stand-by consumers, and other uses.   
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Installed Tools of an Apartment (2 persons) No. Power Use Energy 

Fluorescent lamps 5 30 
W/lamp 

2 h/day 300 Wh/day 

TV / Video-tape. / PC 1 75 W/app 3 h/day 225 Wh/day 

Domestic app. (Fans) 3 45 W/app 8 h/day 1080 Wh/day 

Fridge  1 - - 3000 Wh/day 

Other uses 1 
1500 W 

total 0 h/day 450 Wh/day 

Stand-by Consumers - 6 W total 24 h/day 144 Wh/day 

Average daily use per apartment (2 inhabitants) 
Average annual per apartment (2 inhabitants) 

5199 Wh/day (5.2kWh) 

1898 kWh/a  

Total daily energy without (lighting- fans) 
Average annual per apartment  

3819 Wh/day (114.6 kWh/month) 
1393.9 kWh/a 

Table 104: Electrical appliance and energy consumption per day for dwelling units. Source: The researcher using 
the energy calculation of (PV-SYST) software. 

The dwelling unit in the recent research consists of two separated studios, suitable for new couple or 
single person. The design capacity of the dwelling unit (60m2) can be for up to four peoples or two 
persons per studio apartment. The annual electricity for cooling and lighting is 3899.5 kWh/a using 

the TSEC-HVAC system, operated in summer and mild months (April-to-October). Based on Table 104, 
the house appliance is adding (1393.9 kWh/a) to the annual demands. The research added the appliance 
energy demand to the end-use without lighting and fans, that because cooling and lighting demands 
are calculated in the DesignBuilder simulation results. The Domestic Hot Water energy (DHW) is 
discarded, as the solar thermal collector is common for water heating in Red Sea region. The average 

end-use for each apartment will be 3343.6 kWh/a, which is 17% higher than the average end-use of 
the survey in 2002 and 1999. Nevertheless, the average electricity demand per inhabitant is 1671 kWh, 
which is 35.8% higher than the average electricity demand per capita in Egypt. It is noteworthy to 
mention that, the dwelling spaces are cooled in the summer season, including the kitchen and 
bathrooms.  

 The electricity demand per apartment = (3899.5/ 2 apartments) + 1393.9 (house appliance) = 3343.6 kWh/a 

 The average electricity demand per inhabitant = 3343.6 / 2 Persons = 1671 kWh/inhabitant. 

The low operation hours and limited uses of AC units in Egyptian houses make the comparison to the 
research results very difficult. In Table 105, the research shows comparisons between AC and TSEC 
systems' energy demand, whilst comparing this with Egyptian surveyed Value (cooling demands of 

1822 kWh/a) as the base value. Program (1 and 2), are standard cooling schedules and high cooling 
capacity for the dwelling zones. Program (3) is shrinking the cooling operation and zones, to cover the 
bed and living rooms only. The total energy demand of the AC system was still high reaching 2921.6 
kWh/a, while the TSEC system demand was 2228.3 kWh/a, which is 38% lower compared to the 
conventional AC system. The study shows that the discomfort hours increased when lower HVAC 
cooling capacity and schedule have applied in the dwelling spaces. Simulation details are available in 

Annexes 5.  

In the recent research, a Two-Stage Evaporative Cooling (TSEC) unit is developed for cooling the 
dwelling unit. Based on the economic comparison in Table 105, Table 106 and Figure 150, the TSEC-
HVAC system is saving 34.7 to 38% of the annual electricity demand compared to the AC units.  
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 Program Criteria Egypt 
(average) 

TSEC Heat Pump 

1. 
All building / High comfort hours  
Summer only (April-October) 

Total energy Load > 
Energy /m2/a > 

Discomfort hours > 
N/A 

3899.4 kWh/a 
64.02 Wh/m2/a 
29 hrs 

5860.6 kWh/a 
96.22 Wh/m2/a 
35 hrs 

2. 
All building / High comfort hours 
Short-Summer (May-September ) 

Total energy Load > 
Energy /m2/a > 

Discomfort hours > 
N/A 

2902.1 kWh/a 
47.6 kWh/m2/a 
46.2 hrs 

3747.07 kWh/a 
61.5 kWh/m2/a 
30 hrs 

3. 
Without kitchen/bathroom 
Low cooling capacity/  
Short-Summer (May-September ) 

Total energy Load > 
Energy /m2/a > 

Discomfort hours > 

1822 kWh/a 
31 kWh/m2/a 
N/A 

2228.3 kWh/a 
36.6 kWh/m2/a 
286.5 hrs 

2921.6 kWh/a 
47.9 kWh/m2/a 
263 hrs 

Percentage % Base  + 22 % + 60 % 

Table 105: Comparing the end-use energy of heat pump and TSEC system. Source: DesignBuilder V4 simulations. 
 

 
Dwelling Unit  

Monthly Demand 
(Cooling + lighting) 

January February March April May June July August September October November December 

58.00 52.00 58.00 209.0 501.3 523.3 559.7 564.1 531.6 242.00 56.1 58.0 

House Appliance  
(2 apartments) 

229.2 229.2 229.2 229.2 229.2 229.2 229.2 229.2 229.2 229.2 229.2 229.2 

Total Energy Demand 
Per Apartment 

143.6 140.6 143.6 219.1 365.25 376.25 394.45 396.65 380.4 235.6 142.65 143.6 

Costs per apartment 
(EGP) 26 25.6 26 41.6 80.1 83.8 89.9 91 85 45.6 25.9 26 

Annual > 646.5 EGP/year/apartment (75.28€) 
Currency change date 03.09.2016 

Table 106: The monthly electricity demand of the dwelling unit only using the integrated HVAC system. 
Source: DesignBuilder monthly simulations and electricity costs from ( Ministry of Electricity & Renewable 

Energy 2016) 

As Table 106 and Figure 150 show, using the TSEC-HVAC system keep the monthly energy demand of 
the dwelling unit also lower than the electricity tariff (650kWh), which is 50% lower in costs than the 
tariff of (1000kWh). Details of the Egyptian electricity tariff and costs are in details in Annex (5-15). 

Figure 150: Comparison between the AC unit and TSEC-HVAC operation energy and costs. Source: The researcher. 
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The need for freshwater (30m3) is one of the criteria facing the use of evaporative cooling applications. 

In the TSEC-HVAC design, only 23.2m3 of freshwater is required for the DEC stage, and 6.8m3 of 
brackish or seawater for the InDEC stage. The TSEC-HVAC unit is suitable for installation on the 
building roof or façades. The HVAC unit will be more or less, close to the AC-split unit’s size. ASHRAE 
(2015) has confirmed that, no negative influence on the occupant’s health occurs when evaporative 
cooling systems are used in the building sector. On one hand, ASHRAE (ANSI/ASHRAE Standard 188-
2015) issues the standards and procedures to avoid the legionellae risks in the building’s HVAC systems. 
On the other hand, the U.S. Green Building Council LEED (2013) has recommend using of 

brackish/treated water in the cooling towers (Indirect cooling) to enhance the building water efficiency.  

THE GREENHOUSE UNIT 

The high-energy costs and water limitations are the main obstacles facing the greenhouse industry in 

hot climates. Using natural sources such as solar and wind energy is an international trend to shift 
from the need for fossil fuel resources. The Red Sea region is suffering from the limited energy and 
freshwater access. It was necessary to explore the most effective cooling technique and operation for 
greenhouse industry in this region. The annual energy demand of the research’ base greenhouse model 
using DEC system is 46.2 kWh/m2a. This energy could be decreased to 35.6 kWh/m2a (23% lower) 
when the integrated building-greenhouse HVAC system is applied. The Red Sea climate condition is 
close to the coastal hot-arid climate in Saudi Arabia. As Table 107 shows, the annual energy demand of 
the recent greenhouse is 17.5% to 36% lower compared to the greenhouse operations in Saudi Arabia, 
Figure 151. Nevertheless, it is also 73.4% lower than the annual energy required for greenhouse heating 
in Italy (A. Al-Ibrahim et al.; R. Hassaniena et al. 2016). The greenhouse operation in the Red Sea would 
be economic than in Saudi Arabia or in other European countries. This is because of the warm climate 
conditions, low operation loads, and low working labour costs. The annual water demand for the 

greenhouse HVAC system is 98m3 (0.55m3/m2) of sea/brackish water, while the dwelling HVAC system 
requires 30m3 (0.49m3/m2) of freshwater.  

Many researchers discussed the recovery of the HVAC exhaust air into other by-products. The recent 
research promoted a new intervention in using a commercial greenhouse unit to save 50% of the 
building HVAC system components. The greenhouse cooling benefits as well from the building HVAC 
system operation and vice-versa. The house HVAC operation and occupants’ activities produce exhaust 
air, which is rich in water vapour, CO2, and cooling energy. A recovery process of water and energy 
from the building's exhaust air are happens within the greenhouse.  

Country Greenhouse Operation & 
 Electrical Use 

Annual Energy Demand per 
Greenhouse Unit Area  (kWh/m2a) 

Greece Ventilation, cooling, lighting 20 

Saudi Arabia Fans, cooling pump, PC 56 

Italy Heating 134 - 209 (for only 5 months) 

Netherlands Heating, cooling/ ventilation, 
lighting, and other devices 416.67 

Egypt (Building-Greenhouse model) Cooling heating and lighting 35.6 - 46.2 

Table 107: The annual energy demand per greenhouse unit area in different countries. Source: The researcher 
after (R. Hassaniena et al. 2016; A. Yano et al. 2014) 
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Figure 151: Comparison between the greenhouse HVAC operation and in different countries. Source: The researcher 

The exhaust air temperature is cooler than the ambient temperature, thus, the air will be recirculated 
into the greenhouse unit. At the noontime, an open-air cycle is applied for the heat removal from the 
house and the greenhouse. At night, the air in the greenhouse is recirculated frequently to stimulate 
the condensation process of the water vapour on the greenhouse cover. The benefits of the exhaust air 
recirculation process are: a) very low waste energy and water losses occur, b) decreases in the amount 
of freshwater needed for the irrigation and the direct evaporative cooling, d) applying high water 
management for the HVAC system and the greenhouse, e) recycling the dwelling exhaust air and CO2 
gas in the greenhouse. 

LOW PRIMARY ENERGY AND CO2 EMISSIONS 

Calculating the primary energy demand is necessary, when the BGp is applied into a grid-connected 
community. Referred to the German primary energy factors (DIN 18599-1, 2011-12) (BDEW April 
2015); the primary energy factor for electricity is (2.8), used for cooling and lighting. As Table 108 
shows, using the TSEC-HVAC system reduced the BGp’s annual energy demand 47.9% lower than the 
conventional systems, the CO2 emission of the BGp is consequently reduced. The annual wind speed 
average in Hurghada is 5.89 m/s, which is economic for installing roof-mounted (1kW) wind turbines. 
Thus, using the renewable wind turbine is suitable for the Off-Grid applications in the Red-sea remote 
areas. That will discard the primary energy and the CO2 emissions for the BGp. Details of the HVAC 
systems CO2 emissions are in Annex 5. 

 Dwelling Unit Greenhouse Unit Building-Greenhouse 

 AC unit 
(Conventional) 

TSEC-HVAC 
(Optimized) 

DEC 
(Conventional) 

DEC 
(Optimized) 

HVAC 
(Conventional) 

TSEC-HVAC 
(Conventional) 

Total Annual Electricity 
Demand (kWh/a) 5971.3 3899.5 12792.9 8237.6 

[5971.3 +12792.9] 

18764.2 9779.6 

CO2 Emission (kg) 4105.6 2671.12 8763.15 5642.74 12869.2 6332.9 

Primary Energy Demand 
  Electricity factor (2.8) 

16719.64 
kWh/a 

10918.6 
kWh/a 

35820.12 
kWh/a 

23065.28 
kWh/a 

52539.76 
kWh/a 

27382.88 
kWh/a 

Percentage Base - 34.7 % Base - 35.6 % Base - 47.9 % 

Table 108: The primary energy & CO2 emissions of the HVAC systems. Source: DesignBuilder V4 simulations. 
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RESEARCH CONCLUSIONS 

The research explored applying an effective cooling system for the buildings and greenhouse in the 
Red Sea region in Egypt. The research application is, however, not limited to the case study in Egypt 
only, but the integrated HVAC applications for building-greenhouse prototype in hot-arid climates. The 
research conclusion present five achievements, which highlight the research contribution in each 
discipline. 

ACHIEVEMENT 1  

Upgrading the Governmental Housing Prototype in Rural Areas 

The problems facing the governmental housing in rural areas have been debated. This research 
stressed on three developmental issues to enhance the housing efficiency, indoor living quality, and 
food quality. First, the dwelling design and construction are negatively affecting the occupants living 
quality. Applying passive solutions to the house construction and architectural designs are required. A 
thermal insulation is added to the wall and roof, besides water insulation for the ground slab. The 

shading elements and a reflected glass are used as a passive technique to enhance the indoor natural 
lighting the building thermal performance. After enhancing the building thermal performance, the 
total cooling load is 55.4% lower than the governmental housing model in Egypt. The building’s 
construction, interior quality, and aesthetic quality have significantly increased. Enhancing the building 
indoor quality is the second issue for the occupants of the governmental units. Using passive techniques 
only are not sufficient solutions for building low-mass construction. As mentioned in the psychrometric 
chart (ASHRAE-2005), it is necessary to apply climate adaptive designs including active and passive 

cooling techniques. DEC and InDEC are contributing 57.3% of the buildings annual cooling in Red Sea 
region. The reversed-Two Stage Evaporative Cooling (TSEC-HVAC) system is a suitable low-tech 
system, provides high cooling capacity and low energy demand compared to the conventional AC 
systems.  

Self-sufficiency of housing model in rural areas is the third and distinguished issue. The inhabitants 
could increase their income and job opportunity by applying horticultural activities. A low-cost 
greenhouse unit could be installed in the backyards of every house for commercial food production. 
The integration of the greenhouse reduces the house cooling energy, besides reducing 50% of TSEC-
HVAC system components. In winter, the thermal heat stored in the greenhouse envelope will cover 
the heating of the dwelling spaces.  

ACHIEVEMENT 2 

Developing an Optimized HVAC Design for the Hot-Arid Climate 

Heat pump system is expensive, energy intensive, and is not the best cooling technique as known in 
Egypt. The research succeeded in providing an efficient, economic, and adaptive cooling design 
adequate for buildings. There are many advantages to use the evaporative cooling techniques in hot-
arid climates. The TSEC-HVAC is saving 38% of energy compared to the conventional AC units. The 
two-stage design of the TSEC-HVAC system provides an economic operation of the HVAC loads. The 
occupants could control the HVAC system operation manually. In the mild climates of April and October, 
50% of the energy demand could be saved by operating the DEC stage only.  
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Using brackish or seawater in the InDEC stage helps saving more than 30% of the freshwater demand 

through the HVAC cooling process. The exhaust fans should synchronically operated with the AHU unit 
to control the indoor relative humidity levels. The high relative humidity of the ambient climate is 
affecting negatively the cooling capacity of the TSEC system. The exhaust water vapour produced from 
the HVAC system could be recovered as freshwater in the greenhouse unit.  

ACHIEVEMENT 3 

Optimizing the Greenhouses Design and Cooling Operation in Hot-Arid Climate 

The research has explored the main factors affecting the greenhouse design and HVAC cooling 
operation in hot-arid climates. Four issues are concluded to optimise the greenhouse: First, applying 
direct evaporative cooling systems for commercial greenhouses in hot-arid climates. It helps to control 

the greenhouse-overheating indoor and reduces the plants demand for irrigation water. The semi-
closed operation of the greenhouse provides a balancing between the water efficiency at night and the 
heat removal around noontime. Second, to enhance the resource efficiency of the greenhouse, seawater 
or brackish water should be used in the cooling systems to overcome the shortage of freshwater. Third, 
the CFD simulation is necessary to optimise the greenhouse climate and HVAC system design; such as 
placement of the cooling pads and natural vents in the greenhouse. Fourth, applying air recirculation 
to recover the wasted-heat and water vapour produced from the plant’s evapotranspiration and the 
HVAC operation. Passive condensation of freshwater is possible by means of night-sky cooling.  

The mentioned developments have highly reduced the greenhouse energy demands to 17.5% and 36% 
lower compared to the greenhouse operations in Saudi Arabia, and 73.4% lower than greenhouses 
operation in Italy.  

ACHIEVEMENT 4 

Design of an Integrated HVAC System for Building-Greenhouse Prototypes 

Integrating the greenhouse to the building design is a new phenomenon in the urban context. In hot 
climates, such applications are not common and face many technical obstacles. The recent research 
presents a new intervention for building-greenhouse HVAC system design. The Integrated TSEC-HVAC 
design is contributing to the energy, cooling and resource efficiency of building, besides the production 
of food and water. There are two operation types for the integrating HVAC system: a) using the energy 
waste of the building HVAC system to cool the greenhouse unit and, b) applying a commercial 

greenhouse to minimize the building cooling capacity and for food and water production. The first 
operation, the greenhouse cooling follows the building operation schedule, while the second one, a dual 
operation schedule is applied for both the building and the greenhouse. The greenhouse cooling air 
and irrigation water will be a by-product for the building’s daily uses and cooling loads. Nevertheless, 
a recovery mechanism for the waste-heat and water vapour is processed in the greenhouse unit. 
Seawater will be used in the building InDEC stage, which will minimize 30% of freshwater needed for 
the building cooling.  
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The Integrated TSEC-HVAC design is reducing 50% of building HVAC system components compared 

to the separated TSEC system design. The dwellers could save 12% of house cooling energy by the 
operation of the commercial greenhouse system. The total energy demand of the building-greenhouse 
prototype is 20% lower than separating the greenhouse and the building. As mentioned before, 
applying the building-greenhouse integrated design is not limited to the research case study. The 
greenhouse will operate as a cooling tower for the building’s HVAC system design, it could be installed, 
example, on the building rooftop, such as hotels, offices, and commercial buildings.  

ACHIEVEMENT 5 

Developing a Self-Sufficient Building-Greenhouse Prototype for Coastal Areas 

The research developed an eco-cycle for energy and resources to achieve self-sufficient BGp design. 

The BGp is benefit from the abundance of the sea and brackish water resources in coastal areas. The 
sensible heat in the seawater provides an opportunity for cooling the greenhouse and for freshwater 
condensation as well. Balancing of the energy and mass are developed in the prototype design using 
three main cycles. The first cycle is providing a recycling mechanism for the water sources. The 
freshwater and seawater used in the HVAC system operations is recovered through the air-
recirculation in the greenhouse. Passive condensation of water is occur on the greenhouse cover, or 
active using seawater condenser coil. The house greywater and the waste irrigation water could be 
treated and re-used in the greenhouse irrigation system. The waste brine water from the greenhouse 
cooling system could be recycled into the fish farms as in El-Gouna Farm. The second is the energy 
cycle, where the building exhaust air (cooling energy) is recovered for the greenhouse cooling and for 
the recovery of water vapour. The third is recycling of solid wastes; composite unit or the Hydrothermal 
Carbonization technology (HTC), used to recycle the building black wastes and the plants residual as a 

fertilizer and biofuels.   

Additional social and environmental benefits such as; 

 The occupants could recycle the energy, water, and wastes through the greenhouse unit. They could 
build and manage the greenhouse operation themselves or by renting it for the investors, 

 The building-greenhouse prototype is enabling the occupancies to enhance their living, income 
quality, and the independence of the rural communities, 

 The climate adaptive design of the building and the HVAC system increase the users’ awareness of 
their environment, climate changes, and responsibility to reduce the CO2 emissions, 

 The integrated BGp design increases the occupants understanding for the building thermal 

behaviour and climate conditions. In addition to using the passive strategies to shelter their building 
in summer, 

 The simple design principles of the TSEC system make the local manufacturing of the HVAC 
components possible. 
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RESEARCH RECOMMENDATIONS 

 Architects should investigate into the climate adaptive cooling and building construction 
techniques in remote areas, where limited water and electricity resources are available. This in 
effect, will increase the occupant’s awareness to their environment, local resources, and increase 
their ability to initiative solutions. 

 Applying thermal insulation is necessary for affordable housing construction to increase the 
occupant’s adaptation to the harsh climate conditions in hot-arid areas, as demonstrated in case 
study on the Red Sea region. 

 In the affordable housing models, it is necessary to associate socio-economic concepts such as 
urban agricultural activities, which improve community independence in food and water 
resources. 

 Using semi-closed greenhouse design provide efficient resource uses and management for urban 
agricultural activities in hot-arid or remote areas.  

Recommendation to researchers  

 Further studies are necessary to examine the effect of using seawater on the evaporative cooling 
system efficiency, besides the potentials to limiting bacterial growth and pesticide uses in the 
building-greenhouse prototype. 

 Further studies on greenhouse indoor climates and plant behaviours are necessary when air 
recirculation in greenhouses is applied. 

 Integrating the greenhouse units into the urban context is not limited to food production, but could 

extend to enhance the building’s HVAC system efficiency, plus water and energy recovery, 

 Further investigation on the domestic water cycle and treatments in the building-greenhouse 
integrated models is necessary to increase the efficiency of the urban and agriculture units. 

 Developing alternative economic framework for building-greenhouse prototypes will be an 
interesting topic for further researches to increase the socio-economic motivations. 

 Further integration of protected agriculture into the context of cities and metropolitans should be 
investigated to reduce the cities heat island effect, footprint, waste heat, and water. 

FURTHER RESEARCH 

This research opens the door for further integration of the protected agriculture systems into the 
coastal and desert urban context. The future research work will focus on applying a 1:1 building-
greenhouse prototype or a 1:1 TSEC-HVAC system model. The model will help to validate the research 
simulation results for the building, greenhouse, and HVAC system design. Developing the HVAC system 
materials, technical design, and water condensation process are further research topics.  
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ANNEXES 1-2 

Chapter I- Table (3):  Further comparison details 

 
Seawater Greenhouse 
UAE Emarites 

(P.A. Davies, C. Paton 2005) 

Quonset Seawater Greenhouse 
Oman, Mascat 

(J.S. Perret et al. 2005) 

Seawater Greenhouse In Mascat 
Simulating Several Parameters 

(M. Goosen et al. 2003) 

Greenhouse Size: w*h*d 18.00 * 42.00 * 5.5 m 9.00* 20.00 * 4.5 m  ( Bows every 2 m) 200 * 50.00 m * --  m  (Optimal size) 

Area  ( m2) 756 m2 180.00 m2 10.000 m2  (1 hectare) 

Planted ( green cover) Yes No Yes: Temperate, Tropical and oasis model  

Greenhouse Type  Experimental Quonset commercial type Experimental  

SIMULATION PROGRAM  CFD- Flovent 4.2 Experimental  Experimental 

Monitoring days 14 Days 7 Days 365 Day 

Standardized Model 

parameter for comparison 

Ambient Temperature 

Relative Humidity 

Solar Radiation 

30oc 

50% 

750 w/m3 

Annual Meteorological Climate Services Unit from 

Seeb Airport. 

Net Solar Radiation 
transmittance  

0.44 to  0.6  

(based Albedo of vegetation) 
transparency 40%  Optimal transparency 40% 

Plants Evapotranspiration  
80 % assumed & 

3 l/min whole greenhouse 
- - 

Condenser Heat Transfer 
Coefficient  

40 kW/oc Standard  

Number of transfer unit NTU 
- - 

MEASURING TOOLS    

Water and air temperature 

monitoring 
Data logging system  

(Delta-T devices, Burwell, UK) 

Delta-T data logger (Model DL2E, Delta-T Device 

Ltd, UK) for located at (20 Location). 
n/a 

Water Temperature Simulated  T Thermocouple Wire Bathymetric  (Seawater temperature) 

Air Humidity and 
temperature 

Simulated 

Sensors suited for hot (+60 C)  and humid 

environments ( MODEL 60.98.47 Eijkelkamp, 

Netherland ) 

UK Meteorological Climate Services Unit from 

Seeb Airport. 
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Solar Radiation:  (Delta-T devices, Burwell, UK) 
 Silicon cell  pyranometer (MODEL SKS 1110, 

Skye Ice. the UK) 

UK Meteorological Climate Services Unit from 

Seeb Airport. 

Air Velocity (Delta-T devices, Burwell, UK) 

Digital Anemometer (MODEL HH31A, Omega 

Engineering Inc., US) Located in four cross-

sections after and before the TWO WALLS and 

before/after the CONDENSER. 

Waterworks’ software 

DEW-Point of Air (Delta-T devices, BurwellUK) calculated by ( ASHRAE 2001) 
UK Meteorological Climate Services Unit from 

Seeb Airport. 

NOTES 

- The modeling aim was to examine the 

effect of three internal air circulation 

shapes on the radiant and air 

temperature inside the greenhouse. 

- The Condenser design has affected the 

production of water even after emphasizing 

that condenser temperature in cooler than air 

dew point temperature. 

- Greenhouses were 1080 m2 (temperate and 

tropical) and 1530 m2 (oasis). 

- Roof transparency and Evaporator height have 

no effect on the water production. 

 

 
  

1 liter per minute (l/min) = 1.44 cubic meters per day (m3/day)  

More details of the comparison mentioned in Table 3, three different seawater greenhouse experimental prototypes.  

http://convert-to.com/conversion/flow/convert-l-per-min-flow-to-m3-per-day-flow.html
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Field Study to El-Burullus Governmental Graduation Village, November 2012, Egypt 

  

The interior of the dwelling units. Sourse: Field study 
with ESU-lab November 2012. 

The water sewage of the house. Source: Field study 
with ESU-lab November 2012. 

  

The housing backyard area s are empty without uses. 
Source: Field study with ESU-lab November 2012. 

The housing plot areas. Source: Map data © Google 
maps 2013, area survey from the field study with 
ESU-lab November 2012. 

  

The deterioration of the external façade by the salt 
groundwater pressure. Source: Field study with ESU-lab 
November 2012. 

The youth community in the construction processes. 
Source: Field study with ESU-lab November 2012. 
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Field Study to El-Gouna farm, December 2013, Egypt 

 
 

The architecture design ratios used in El-Gouna housing 
prototype. Source: (R. EL Dahan January 2014) 

The vault rations of the Egyptian architect Hassan 
Fathy. Source: (R. EL Dahan January 2014) 

  

Jojoba planting in El-Gouna farms. Source: the research  
filed study , December 2013 

The recycling farms in the hinterland of 
ElGouna. Source: the research  filed study , 
December 2013 

  

Recycling of organic food waste in the poetry farms. 
Source:  (El Gouna Marathon 2009) 

Recycling of the plastic residuals from the hotels 
into pedestrian bricks. Source: (El Gouna 
Marathon 2009) 
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Cover Materials 

External Walls Material:  

General Electric 

Company 
Total solar transmission 

SHGC 
Direct Solar 

transmission:  

Light transmission: U-Value: 

Lexan XLDSC-IR: 

4.47mm 

0.516, 0.316 (General Electric 

Company), 

0.584 5.514 W/m2-K. 

Roof Material 

Makrolon multi UV  Polymer glass-wall:   light transmittance:  U-Value:  

2/6-6: 6mm 0.79 3.7 W/m2-K. 
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ANNEXES 3 

New NIR-Reflecting Film Products.  

In this context, two new product materials have been investigated providing high radiative quality, 
reflecting 50% of the incident solar energy, absorbing and reflecting almost of NIR radiation, and 
without significant reduction of PAR radiation which is useful for plants growth in the Greenhouse. 
Plus, having long-life durability about 10 years (P. Sonneveld et al. 2009). 

1) Metallic Multilayered Material; 2) Dielectric Multilayered based on Plastic Film; These materials 
have secured reducing 50% of heat loads in the greenhouse, minimizing fresh water needed, and 
ventilation and cooling loads. 3) Shading Paint (Whitening); NIR-reflecting pigments (ReduHeat). 

Greenhouse Climate 
Types 

Metallic multi-layered 
material 

Dielectric multi-layered 
based on plastic film 

Shading paint, NIR-reflect 
pigments (ReduHeat) 

PAR transmittances ≈  0.75 ≈  0.85, ≈  0.72 

NIR reflectance Wavelength 
(900-1200nm) 

0.8–0.9 in the wavelength 

range (900–1200 nm). 
≈  0.99 ≈ 0.38 

NIR reflectance range 
(1200–2500 nm) 

- ≈ 0.15 
≈ 0.22 lowered the inside air 

temp. by up to 4◦C, 

Company 
SOL-MOX Hilite, Bekaert, 

Zwevegem, Belgium 

Ebiral, 

USA. 

Mardenkro BV,  

the Netherlands 

NIR-reflecting cover film, suitable for hot climate regions. Source:(U. Mutwiwa et al. 2008; P. Sonneveld et al. 
2006) . 

Air conditioning unit available in the Egyptian Market (Heat Pump) 

 

 

AC unit’s specification in the Egyptian market from (Unionaire Company). Source: (Unionaire 2016) 
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ANNEXES 4 

HOUSE SIMULATION 

Annual Simulation - Dwelling unit (Heat Pump HVAC system) 
(1 January- to- 31 December) 

 
Annual Simulation for - Dwelling unit (TSEC- HVAC system) Optimized 

(1 January- to- 31 December) 

 
Summer Design Week Simulation - Dwelling unit (TSEC- HVAC system) Optimized 

(1 January- to- 31 December) 
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GREENHOUSE SIMULATION 

Summer Typical Week -Greenhouse unit (DEC-HVAC system) without optimization 
Setpoint temperature 25oC (27 July- 2 August) 

 

 

Summer Typical Week- Greenhouse unit (DEC-HVAC system) Optimized 

Setpoint temperature 28oC (27 July- 2 August) 

 

 

Summer Typical Week -Greenhouse unit (DEC-HVAC system) Optimized 
Setpoint temperature 25oC (27 July- 2 August) 
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1.  HOUSE: Annual Operation (TSEC-HVAC)- Optimized 

 Architecture  
Area 

Volume  
m3 

Gross wall 
area m2 

Window glass 
 area m2 

time not 
comfortable 
(ASHRAE) 

Time Not Met 
occupied 
Cooling 

Time Not Met 
occupied 
Heating 

Simulation  
hours 

60.9 209.50 132.53 12.74 2775.5 hrs 3001.00 524.50 8760hrs 

 Climate Summer 
Design Day  

Maximum      Dry 
Bulb [C] 

Daily Temp. 
range [deltaC] 

Humidity 
 Value 

Humidity  
Type 

Wind speed 
[m/s] 

Wind  
Direction 

- 

38.40 8.50 21.80 Wetbulb [C] - - - 

 Operation 

Cooling 
Electricity 

Interior 
Lighting 

Fan 
Electricity 

Lighting 
electricity 
intensity 
Kwh/m2 

HVAC 
electricity 
intensity 
Kwh/m2 

Total 
electricity 
intensity 
Kwh/m2 

Energy per 
building 

area 
 [kWh/m2] 

Total energy 
[kWh.a] 

1777.37 682.95 1439.12 11.2 52.81 64.02 64.024 3899.5 

 Peak    
 Operation 

Peak time  lighting peak 
W 

Fan  
Peak W 

Cooling Peak 
W 

HVAC Peak 
W 

Total Peak  
W 

- 
Mechanical 
Ventilation 

[ach] 
 4-MAY-
18:00 

240.09 489.43 514.29 1003.7 1243.81 - 4.702 

 Air  
Terminal 

Type 
Max Air Flow 
Rate [m3/s] 

Total 
Efficiency 

[W/W] 

Delta Pressure 
[pa] 

Max Air Flow 
Rate [m3/s] 

Rated Electric 
Power [W] 

Rated Power 
/Max Air Flow 
Rate [W-s/m3] 

Motor Heat In 
Air Fraction 

Variable 
Volume VAV 0.33 0.70 600.00 0.33 284.59 857.14 1.00 

 Air Loop 
AHU 
 Supply Fan 

Design Max. 
Flow Rate 
[m3/s] 

User- Max. Flow 
Rate [m3/s] Main 

Branch 
> 

Main Branch 
Maximum Flow 

Rate  
Air loop 
HVAC 

> 

Design Supply 
Air Flow Rate 

[m3/s] 

Maximum 
Outdoor Air 
Flow Rate 

[m3/s] 

Minimum 
Outdoor Air 
Flow Rate 

[m3/s] 

Autosized 0.33 0.331318 0.331318 0.331318 0.271569 

 Heat  
 Recovery  

Air loop AHU device Nominal Supply Air Flow 
Rate [m3/s] 

Air to Air Heat Recovery for 
Cooling 

Air to Air Heat Recovery for 
Heating 

0.331318 - - - 
HVAC 
Sizing 
Summary  
Zone 
Cooling 

Design Size 
Maximum 
Air Flow 
Rate [m3/s] 

Area 
 

Volume 
[m3] 

User Design 
Load per 

Area [W/m2] 

Calculated 
Design Air 

Flow [m3/s] 

Indoor 
Temperature at 
Peak Load [C] 

Indoor 
Humidity at 
Peak Load 

[kgWater/kgAi
r] 

Outdoor 
Temperature at 
Peak Load [C] 

Outdoor 
Humidity 

at Peak Load 
[kgWater/kgAi

r] 

1: Kitchen 0.026650 4.20 11.14 77.85 0.023 24.00 0.00902 32.62 0.00957 

1: Bath 0.017746 2.31 6.13 94.16 0.015 24.00 0.00900 38.40 0.00957 

2: Livingroom 0.072580 11.91 43.55 47.40 0.046 24.00 0.00903 36.78 0.00957 

2: Bed 0.048807 12.02 43.93 34.65 0.034 24.00 0.00900 38.14 0.00957 

1: Livingroom 0.072580 11.91 43.55 42.29 0.041 24.00 0.00903 37.55 0.00957 

1: Bed 0.048807 12.02 43.93 35.28 0.035 24.00 0.00900 38.14 0.00957 

2: Kitchen 0.027448 4.23 11.22 79.61 0.024 24.00 0.00902 34.62 0.00957 

2: Bath 0.018743 2.28 6.05 100.76 0.016 24.00 0.00900 37.89 0.00957 

Fresh Water 

Amount 
m3/year 

Water 
intensity 
m3/m2 

Amount 
m3/week 

Water 
intensity 

liter/m2/wee
k 

   
Discomfort 

hours 

30.08 0.49 - -    

26.65 hrs 
Summer 
Season 

 Source: DesignBuilder simulations. 
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Annual Simulation for the Dwelling unit ( TSEC-HVAC system) 
(1 January- to- 31 December) 

 
 

Summer Simulation for the Dwelling unit ( TSEC-HVAC system) 
(1 April- to- 30 September) 

 
 

Summer Simulation for the Dwelling unit ( Direct Evaporative Cooling only) 
(1 April- to- 31 September) 

 
 Source: DesignBuilder Simulations. 

When the dwelling unit is 

integrated with the greenhouse 

operation 

(Discarding the secondary fan) 
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2.  GREENHOUSE: Annual Operation (DEC-HVAC)- Optimized 

 Architecture  
Area 

Volume  
m3 

Gross wall 
area m2 

Window glass 
 area m2 

time not 
comfortable 
(ASHRAE) 

- - 
Simulation  

hours 

178.40 551.04 143.89 246.38 8206.50 - -  8760 hrs 

 Climate 
Summer 
Design Day  

Maximum      
Dry Bulb [C] 

Daily Temp. 
[delta C] Humidity Value Humidity Type Wind speed 

[m/s] Wind Direction - 

38.40 8.50 21.80 Wetbulb [C] 0.00 0.00 - 

 Operation 

Cooling 
Electricity 

Interior Lighting Fan 
Electricity 

Lighting 
electricity 
intensity 
Kwh/m2 

HVAC 
electricity 
intensity 
Kwh/m2 

Total  
electricity 
intensity 
Kwh/m2- 

Energy per 
building area 

 [kWh/m2] 

Total energy 
[kWh.a] 

844.20 2256.26 5137.11 12.65 33.53 8237.57 46.17 8237.57 

 Peak    
 Operation 

Peak time 03-
APR- lighting peak W Fan Peak 

W Cooling Peak W HVAC Peak 
 W - 

Simple 
Ventilation 

[ach] 

Mechanical 
Ventilation 

[ach] 

11:00 590.8 2022.64 200.00 2222.64 - - 4.702 

 Air  
Terminal 

Type Max Air Flow 
Rate [m3/s] 

Total 
Efficiency 

[W/W] 

Delta Pressure 
[pa] 

Max Air Flow 
Rate [m3/s] 

Rated Electric 
Power [W] 

Rated Power 
/Max Air Flow 
Rate [W-s/m3] 

Motor Heat In 
Air Fraction 

VAV 2.44 0.70 600.00 2.24 1915.89 857.14 1.00 

 Air Loop 

AHU 
 Supply Fan 

Design Max. 
Flow Rate 
[m3/s] 

User- Max. Flow 
Rate [m3/s] Main 

Branch 
> 

Main Branch 
Maximum Flow 

Rate  
Air loop 
HVAC 

> 

Design Supply 
Air Flow Rate 

[m3/s] 

Maximum 
Outdoor Air 
Flow Rate 

[m3/s] 

Minimum 
Outdoor Air 
Flow Rate 

[m3/s] 

Autosized 2.44 2.44 2.44 2.44 1.14 

 Heat  
 Recovery  

Air loop AHU device 
Nominal Supply Air Flow Rate 

[m3/s] 
Air to Air Heat Recovery for 

Cooling 
Air to Air Heat Recovery for 

Heating 

Air - - - 

HVAC 
Sizing 
Summary 

User Design 
Load [W] 

User Design Load 
per Area [W/m2] 

User Design 
Air Flow 
[m3/s] 

Date/Time Of 
Peak 

Indoor 
Temperature at 
Peak Load [C] 

Indoor Humidity 
at Peak Load 

[kgWater/kgAir] 

Outdoor 
Temperature at 
Peak Load [C] 

Outdoor 
humidity at 
Peak Load 

[kgWater/kgAir] 

Zone 
Cooling 

38431.94 215.43 2.235 7/15- 13:00 28.00 0.00904 38.19 0.00957 

Zone 
Heating 

9713.99 54.45 1.136 1/15- 21:00 20.00 0.00414 10.10 0.00769 

Fresh Water 
Amount 
m3/year 

Water intensity 
m3/m2a 

Amount 
m3/week 

Water intensity 
liter/m2/week Temperature Flow Power 

(W) 

98.07 0.55    - - - 

Annual Simulation for the Greenhouse ( 1 January- 31 December) 
( Direct Evaporative Cooling) 

 

Source: DesignBuilder Simulations. 
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3.  HOUSE + GREENHOUSE: (Combined HVAC Model 2) Annual operation 

 
Architecture  

Area Volume 
m3 

Gross wall 
area m2 

Window  
glass area 

 m2 

Time not 
comfortable 
(ASHRAE) 

Time Not Met 
Occupied 
Heating 

Time Not Met 
Occupied 
Cooling 

Simulation  
hours 

227.56 511.04 143.89 253.26 8759.00 1335.5 5061.5 8760.00 

 Climate Summer 
Design Day  

Maximum      
Dry Bulb [C] 

Daily Temp. 
[delta C] 

Humidity Value Humidity Type Wind speed 
[m/s] 

Wind Direction - 

38.40 8.50 21.80 Wetbulb [C] 0.00 0.00 - 

 Operation 

Cooling 
Electricity 

[kWh] 

Interior Lighting 
[kWh] 

Fan 
electricity 

[kWh] 
- 

Lighting 
electricity 
intensity 
Kwh/m2 

HVAC 
electricity 
intensity 
Kwh/m2 

Energy per 
building area 

 [kWh/m2] 

Total energy 
[kWh] 

2894.40 2790.72 7933.52 - 12.26 47.58 59.85 13618.6 

Peak    
Operation 

Peak time  lighting peak W 
Cooling 
peak W Fan Peak W 

HVAC peak 
W 

  Peak 
Electricity[W] - - 

07-JUN-16:00 1065.05 685.71 3002.84 3688.5 4753.60 - - 

Air  
Terminal 

Type Max Air Flow 
Rate [m3/s] 

Total 
Efficiency 

[W/W] 

Delta Pressure 
[pa] 

Max Air Flow 
Rate [m3/s] 

Rated Electric 
Power [W] 

Rated Power 
/Max Air Flow 
Rate [W-s/m3] 

Motor Heat In 
Air Fraction 

Variable 
Volume VAV 3.02 0.70 600.00 3.29 2823.21 857.14 1.00 

Air Loop 

AHU 
Supply Fan 

User- input 
Max. Flow 

Rate [m3/s] 

Design size Max. 
Flow Rate 

[m3/s] 
Main 

Branch 
> 

Main Branch 
Maximum 
Flow Rate  

Air loop 
HVAC 

> 

Design Supply 
Air Flow Rate 

[m3/s] 

Maximum 
Outdoor Air 
Flow Rate 

[m3/s] 

Minimum 
Outdoor Air 

Flow 
Rate[m3/s] 

Autosized 3.29 3.29 3.29 3.29 1.17 

Annual Electricity Demand of the Dwelling ad the Greenhouse units 
(Combined HVAC Design Model 2) 
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HVAC Sizing 
Summary  
Zone Cooling 
7/15 17:30:00 

Design Size 
Maximum Air 

Flow Rate 
[m3/s] 

User Design 
Load [W] 

User Design 
Load per 

Area [W/m2] 

Calculated 
Design Air 

Flow [m3/s] 

Indoor 
Temperature at 
Peak Load [C] 

Indoor 
Humidity at 
Peak Load 

[kgWater/kgAi
r] 

Outdoor 
Temperature at 
Peak Load [C] 

Outdoor 
Humidity 

at Peak Load 
[kgWater/kgAi

r] 

1: Kitchen 0.040630 548.93 130.55 0.035 25.00 0.00899 36.78 0.00957 

1: Bath 0.033927 458.38 182.51 0.030 25.00 0.00900 36.78 0.00957 

2: Livingroom 0.072580 907.85 76.23 0.067 25.00 0.00900 38.40 0.00957 

2: Bed 0.055882 755.00 62.79 0.056 25.00 0.00900 33.38 0.00957 

1: Livingroom 0.072580 912.69 76.64 0.068 25.00 0.00900 38.40 0.00957 

1: Bed 0.055872 754.87 62.78 0.056 25.00 0.00900 33.38 0.00957 

2: Kitchen 0.043025 581.30 137.26 0.037 25.00 0.00899 36.78 0.00957 

2: Bath 0.029620 400.18 175.16 0.026 25.00 0.00900 36.78 0.00957 

Greenhouse 3.02 51959.15 312.14 2.628 30.00 0.00903 38.40 0.00957 

Fresh Water 

Amount 
m3.a 

HVAC Water 
intensity m3/m2 Temperature Flow Power 

(W) - - - 

251.05 1.10    - - - 

 

Source: DesignBuilder visualisation. 
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4.  INTEGRATED TSEC-HVAC System: (House + Greenhouse):  

Annual and Summer Operation 

 Architecture  
Area 

Volume  
m3 

Gross wall area  
m2 

Window glass 
 area m2 

time not 
comfortable 
(ASHRAE) 

Time Not Met 
Occupied 
Heating 

Time Not Met 
Occupied 
Cooling 

Simulation  
hours 

227.56 511.04 143.89 253.26 8759.00 1335.5 5061.5 8760.00 

 Climate Summer 
Design Day  

Maximum      
Dry Bulb [C] 

Daily Temp. 
[delta C] Humidity Value Humidity Type Wind speed 

[m/s] Wind Direction - 

38.40 8.50 21.80 Wetbulb [C] 0.00 0.00  

 Operation 

Cooling 
Electricity 
[kWh] 

Interior 
Lighting [kWh] 

Fan electricity 
[kWh] - 

Lighting 
electricity 
intensity 
Kwh/m2 

HVAC 
electricity 
intensity 
Kwh/m2 

Energy per 
building area 
 [kWh/m2a] 

Total energy 
[kWh.a] 

1861.25 2256.26 5127.69 - 12.65 39.18 42.8 9779.6 

 Peak    
 Operation 

Peak time 
9:30 

lighting  
peak W 

Cooling 
peak W 

Fan  
Peak W 

HVAC peak  
W 

  Peak   
   Electricity 

[W] 

Simple 
Ventilation 

[ach] 

Mechanical 
Ventilation 

[ach] 

07 June  883.08 494.29 1896.41 2390.7 3273.77 1.899 4.677 

 Air  Terminal 
Type Max Air Flow 

Rate [m3/s] 
Total Efficiency 

[W/W] 
Delta Pressure 

[pa] 
Max Air Flow 
Rate [m3/s] 

Rated Electric 
Power [W] 

Rated Power 
/Max Air Flow 
Rate [W-s/m3] 

Motor Heat In 
Air Fraction 

VAV 2.24 0.70 600.00 2.24 1915.89 857.14 1.00 

 Air Loop AHU 
 Supply Fan 

User- input 
Max. Flow 
Rate [m3/s] 

Design size 
Max. Flow Rate 

[m3/s] Main Branch 
> 

Main Branch 
Maximum Flow 

Rate  
Air loop 
HVAC 

> 

Design Supply 
Air Flow Rate 

[m3/s] 

Maximum 
Outdoor Air 
Flow Rate 

[m3/s] 

Minimum 
Outdoor Air 
Flow Rate 

[m3/s] 

Autosized 2.24 2.24 2.24 2.24 1.14 

Heat Recovery 
On-Site 

Air loop AHU device Nominal Supply Air Flow Rate 
[m3/s] 

Air to Air Heat Recovery for 
Cooling [kWh] 

Air to Air Heat Recovery for 
Heating [kWh] 

Air to Air - - - 

HVAC Sizing 
Summary 

User Design 
Load [W] 

User Design 
Load per Area 

[W/m2] 

Calculated 
Design Air 

Flow [m3/s] 

Date/Time of 
Peak 

Indoor 
Temperature at 
Peak Load [C] 

Indoor 
Humidity at 
Peak Load 

[kgWater/kgAi
r] 

Outdoor 
Temperature at 
Peak Load [C] 

Outdoor 
Humidity 

at Peak Load 
[kgWater/kgAi

r] 

Zone Cooling 38431.94 215.43 2.235 7/15 13:00:00 28.00 0.00904 38.19 0.00957 

Zone Heating 9713.99 54.45 0.266 1/15 21:00:00 20.00 0.00414 10.10 0.00769 

Fresh 
Water 

Amount m3 HVAC Water intensity  m3/m2 - - - 

251.05 1.10  - - - 

Annual Electricity Demand of the 
 (Integrated HVAC Design Model 3)  

 

Source: DesignBuilder Simulations. 

Adding Lighting of the   

Dwelling + Greenhouse  = 

9245.2 + 534.4 = 9779.6 kWh.a 

Lighting of the greenhouse only  
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5.  SUMMER LOW OPERATION (1m3/s): (Dwelling + Greenhouse) 

 
Architecture  

Area Volume  
m3 

Gross wall area  
m2 

Window glass 
 area m2 

time not 
comfortable 
(ASHRAE) 

Time Not Met 
Occupied 
Heating 

Time Not Met 
Occupied 
Cooling 

Simulation 
hours 

227.56 511.04 143.89 253.26 8759.00   8760.00 

 Climate Summer 
Design Day  

Maximum      Dry 
Bulb [C] 

Daily Temp. 
[delta C] 

Humidity  
Value 

Humidity  
Type 

Wind speed 
[m/s] 

 Wind 
 Direction - 

38.40 8.50 21.80 Wetbulb [C] 0.00 0.00 - 

 Operation 

Cooling 
Electricity 
[kWh] 

Interior 
Lighting [kWh] 

Fan electricity 
[kWh] 

Lighting 
electricity 
intensity 
Kwh/m2 

HVAC 
electricity 
intensity 
Kwh/m2 

Total electricity 
intensity 
Kwh/m2 

Energy per 
building area 
 [kWh/m2] 

Total energy 
[kWh] 

1861.25 2256.26 2629.22 12.65 25.17 37.82 32.2 7367 

 Peak    
 Operation 

Peak time 
20:30 

Lighting 
peak W 

Fan Peak  
W 

Cooling peak 
W 

HVAC Total 
Peak [W] 

Total Peak  
W 

 (ach) Simple 
Ventilation 

Mechanical 
Ventilation  

07-JUN- 883.08 848.43 494.29 1342.72 2225.79 2.056 1.499 ach 

 Air  
Terminal 

Type Max Air Flow 
Rate [m3/s] 

Total Efficiency 
[W/W] 

Delta Pressure  
[pa] 

Max Air 
 Flow Rate 

[m3/s] 

Rated  
Electric Power 

[W] 

Rated Power 
/Max Air Flow 
Rate [W-s/m3] 

Motor Heat In 
Air Fraction 

VAV 2.25 0.70 600.00 1.00 857.14 857.14 1.00 

 Air Loop  

 AHU 
 Supply Fan 

User- input 
Max. Flow 
Rate [m3/s] 

Design size 
Max. Flow 

Rate [m3/s] 
Main 

Branch 
> 

Main 
Branch 

Maximum 
Flow Rate 

Air loop 
HVAC 

> 

Design 
Supply Air 
Flow Rate 

[m3/s] 

Maximum 
Outdoor Air 
Flow Rate 

[m3/s] 

Minimum 
Outdoor Air 
Flow Rate 

[m3/s] 

1.00 1.32 1.32 1.32 1.32 1.14 

Heat 
Recovery 

Air loop AHU device 
Nominal Supply Air Flow Rate 

[m3/s] 
Air to Air Heat Recovery for 

Cooling [kWh] 
Air to Air Heat Recovery for 

Heating [kWh] 

Air to Air  1.14 1557.17 (43%) 2065.00 (57%) 

HVAC Sizing 
Summary 

User Design 

Load [W] 

User Design Load 

per Area [W/m2] 

Calculated 

Design Air 
Flow [m3/s] 

Date/Time of 

Peak 

Indoor Temperature 

at Peak Load [C] 

Indoor Humidity at 

Peak Load 
[kgWater/kgAir] 

Outdoor Temp. at    

Peak Load [C] 

Outdoor Humidity 

at Peak Load 
[kgWater/kgAir] 

Zone Cooling 17193.76 96.38 2.251 7/15  28.00 0.00904 38.19 0.00957 

Zone Heating 48042.25 269.30 1.318 1/15  20.04 0.00661 10.10 0.00769 

Fresh 
Water 

Amount m3 HVAC Water intensity 
m3/m2 

Re-circulating pump Power W - - 

55.18 0.31 200 W - - 

Annual Electricity Demand  
(Integrated HVAC Design Model 3) 1 Jan. – 31 December  

  

Source: DesignBuilder simulations. 

Adding Lighting of  

the Dwelling + Greenhouse  = 

6746.7 + 534.4 =  7367 kWh.a 

 

Lighting of the greenhouse only 
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6.  WINTER OPERATION: (Full Operation+ Recirculation) November-March 

      
Architecture  

Area 
Volume  

m3 
Gross wall area 

m2 
Window glass 

 area m2 

time not 
comfortable 
(ASHRAE) 

Time Not Met 
Occupied 
Heating 

- 
Simulation  

hours 

227.56 511.04 143.89 253.26 3077.50 2270.00 - 3624 hrs 

 Climate Winter 
Design Day  

Maximum      
Dry Bulb [C] 

Daily Temp. 
[delta C] 

Humidity Value Humidity Type Wind speed 
[m/s] 

Wind Direction - 

10.00 0.00 10.00 Wetbulb [C] 13.20 0.00 - 

 Operation 

Cooling 
Electricity 

Interior 
Lighting Fan Electricity 

Lighting 
electricity 
intensity 
Kwh/m2 

HVAC 
electricity 
intensity 
Kwh/m2 

total electricity 
intensity 
Kwh/m2 

Energy per 
building area 

 [kWh/m2] 

Total energy 
[kWh] 

362.40 933.41 1488.69 5.23 10.38 15.61 15.61 2784.51 

 Peak    
 Operation 

Peak time  
lighting peak 

W 
Fan Peak 

W Cooling Peak W 
HVAC Total 

Peak [W] 
Total Peak  

W 

Simple 
Ventilation 

[ach] 

Mechanical 
Ventilation 

[ach] 

1 November 883.08 821.54 200.00 1021.5 1904.61 1.995 - 

 Air  Terminal 
Type 

Max Air Flow 
Rate [m3/s] 

Total Efficiency 
[W/W] 

Delta Pressure 
[pa] 

Max Air Flow 
Rate [m3/s] 

Rated Electric 
Power [W] 

Rated Power 
/Max Air Flow 
Rate [W-s/m3] 

Motor Heat In Air 
Fraction 

VAV 2.27 0.70 600.00 2.27 1949.90 857.14 1.00 

 Air Loop 

 AHU 
 Supply Fan 

Design Max. 
Flow Rate 
[m3/s] 

User- Max. 
Flow Rate 

[m3/s] Main Branch 
> 

Main Branch 
Maximum Flow 

Rate  
Air loop 
HVAC 

> 

Design Supply 
Air Flow Rate 

[m3/s] 

Maximum 
Outdoor Air 
Flow Rate 

[m3/s] 

Minimum 
Outdoor Air 
Flow Rate 

[m3/s] 

Autosized 2.27 2.27 2.27 2.27  

Heat 
Recovery  

Air loop AHU device Nominal Supply Air Flow Rate 
[m3/s] 

Air to Air Heat Recovery for 
Cooling 

Air to Air Heat Recovery for 
Heating 

Air to Air 3647.28 (100%) - 1.14 

HVAC Sizing 
Summary 

User Design 
Load [W] 

User Design 
Load per Area 

[W/m2] 

User Design Air 
Flow [m3/s] 

Date/Time Of 
Peak 
7/15 

Indoor 
Temperature at 
Peak Load [C] 

Indoor 
Humidity at 
Peak Load 

[kgWater/kgAi
r] 

Outdoor 
Temperature at 
Peak Load [C] 

Outdoor 
Humidity 

at Peak Load 
[kgWater/kgAi

r] 

Zone Cooling 39113.67 219.25 2.275 7/15 (13:30 hr) 28.00 0.00904 38.68 0.00968 

Zone Heating 72431.09 406.01 2.385 1/15(21:00 hr) 25.05 0.00607 10.00 0.00764 

Fresh 
Water 

Amount m3 Water intensity m3/m2  - - - 

2.49 0.01   - - 

Electricity Demand  in WINTER 
(Integrated HVAC Design Model 3) 1 Nov. – 31 Mar, Annual 

 

Source: DesignBuilder simulations. 

 

Lighting of the greenhouse 

only 
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7.  TSEC-HVAC System: Annual Simulation 
Comparison of temperature and relative humidity levels of the supply air and exhaust air. 

 

TRNSYS Simulations shows (above) the supply air to the dwelling unit bu, and (middlethe supply air to the greenhouse 
unit, (below) the ambient climate conditions. Source: DesignBuilder simulations. 
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8.  Wet-Coil Heat Exchanger Only 
Comparison of temperature and relative humidity levels of the supply air and exhaust air. 

HVAC supply air temperature was averaged of 25oC, which consider relatively high when additional 
factors added such as air infiltration, heat gain from occupants, and heat gain from the outside 
ambient. Therefore, adding evaporative cooling unit in necessary to assure reaching indoor the 
human comfort levels. 

 

TRNSYS design model of the HVAC system using indirect evaporative cooling only. Source: TRNSYS modelling interface. 

Simulation Results 

a) Supply air temperature and relative humidity levels when the only indirect evaporative cooling system is applied. 

 

b) Outdoor Climate Conditions. 

 

TRNSYS alternative design for cooling, Source: TRNSYS simulations. 
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10.  Dwelling Unit: TSEC-Evaporative cooling System- Monthly Electricity Demand 

 January Feb. March April May June July August Sep. October Nov. Dec. 

Electricity 
Demand 58.00 52.00 58.00 291.00 579.6 582.6 618.8 630.5 592.2 322.2 56.1 58.00 

Price 6.4 5.5 6.4 58.8 153.00 154.00 166.5 170.00 157.3 66.3 6.00 6.4 

Annual T. 
Cost 956.6 EGP/year 

Monthly Electricity Demand of the Greenhouse unit ( Direct Evaporative Cooling System) 
 

 

Source: DesignBuilder simulations, and electricity costs from: (The Egyptian Ministry of Electricity and Renewable 
Energy 2016) 

 

 

 

9.  Dwelling Unit:  Heat Pump system - Monthly Electricity   

 Jan. Feb. March April May June July August Sep. October Nov. Dec. 

Electricity 
Demand 

58.00 52.00 58.00 285.7 691.2 894.00 1073.00 1130.6 910.00 487.6 56.1 58.00 

Price 6.4 5.5 6.4 57.6 204.6 326.4 449.00 491.2 336.00 121.9 6.00 6.4 

Annual 
Total Cost 1986.7 EGP/year 

Monthly Electricity Demand of the Dwelling unit (Heat Pump System) 
1. Jan – 31 Oct, Monthly 

 

Source: DesignBuilder simulations, and electricity costs from (The Egyptian Ministry of Electricity and Renewable 
Energy 2016) 



   Annexes 4  

   

 228 

11.  Greenhouse Unit: Direct Evaporative Cooling - Monthly Electricity Demand  

 January 
Februar

y March April May June July August Sep. October Nov. Dec. 

Electricity 
Demand 

191.6 173 191.6 572.4 1173.2 1204.9 1272.7 1272.9 1174.6 633.5 185.5 191.6 

Price 33.7 30.7 33.7 150.5 523 546.7 597 597 523.8 171.2 32.8 33.7 

Annual Total 
Cost 3273.8 EGP/year 

Monthly Electricity Demand of the Greenhouse Unit 
(Direct Evaporative cooling) 

 
Source: DesignBuilder simulations and electricity costs (The Egyptian Ministry of Electricity & Renewable Energy 

2016) 
 

 
 

12.  Dwelling + Greenhouse: Integrated HVAC system- Monthly Electricity Demand in summer  

 January February March April May June July August Sep. October Nov. Dec. 

Electricity 
Demand 191.6 173.0 191.6 650.8 1345.5 1371.2 1444.4 1444.4 1341.0 714.6 185.5 191.6 

Price 33.7 30.7 33.7 177 651 669.5 723.6 723.6 647.4 219 32.8 33.7 

Annual 
Total Cost 3975.7 EGP/year 

Monthly Electricity Demand of the Building-Greenhouse Integrated Prototype 
(TSEC-HVAC integrated system) 

 

Source: DesignBuilder simulations & electricity costs from: (The Egyptian Ministry of Electricity and Renewable 
Energy) 
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13.  
Dwelling Unit: Integrated HVAC system 
Monthly Electricity Demand in summer (without the greenhouse loads) 

 January February March April May June July August Sep. October Nov. Dec. 

Electricity 
Demand 58.00 52.00 58.00 209.00 501.3 523.3 559.7 564.1 531.6 242.00 56.1 58.00 

Price 6.4 5.5 6.4 41.7 130.00 138.00 150.3 151.8 140.7 53.0 6.00 6.4 

Annual Total Cost 836.2 EGP/year 

Monthly Electricity Demand of the Dwelling unit  
(Direct Evaporative cooling Stage only) 1. Jan – 31 Dec, Monthly 

 
Source: DesignBuilder simulations &electricity costs from: (The Egyptian Ministry of Electricity and Renewable 

Energy) 
 

14.  
Greenhouse Unit: Integrated HVAC system 
Monthly Electricity Demand in summer (without the dwelling unit loads) 

 January February March April May June July August Sep. October Nov. Dec. 

Electricity 
Demand 121 133.6 441.8 844.2 847.9 884.7 880.3 809.4 472.6 129.4 133.6 121 

Price 22.4 24.5 106.3 296.4 299 321 318 275.4 116.8 23.6 24.5 22.4 

Annual Total Cost        1852.4 EGP/year 

Source: DesignBuilder simulations &electricity costs from: (The Egyptian Ministry of Electricity and Renewable Energy) 

 

15. The Egyptian Electricity Tariffs and State’ 

subsidies for the electricity > 

  

Add. 
Cost 

Demand 
Cost 

for kWh 

Cost 
per 

kWh  

Nr. 
kWh  

Paying Level 
Leve

l 

 Electricity Cost per kWh 
 

1 

2 

3 

4 

5 

6 

7 
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16.  

Item Name 

Materials Cost Details (based on the materials costs survey on 9 December 2015) 

Details   
Egyptian 
pound  

Calculated 
process 

Building Construction 
Cost per m2  

Half finishing: façade finishing, electrical,  
windows frames  
Full Finishing 

600- 650  

1000  

Normal Concrete  
Labour costs + installation 
Transportation + Mechanical pumping  

125 
325 - 350 

Total = 450 L.E. 

Reinforced Concrete 
Labour costs + installation 
Transportation + Mechanical pumping 

180 
425- 450 Total = 600 L.E. 

Burned Bricks  (12*6 cm) 
or 1000 brick unit  

Importing to site+ installation for m2 
Importing to site+ installation for m3 

70 
650 

Total = 160 L.E. 
1m2 + 0.25m 
thickness 

Finishing  

(Bathroom & Kitchen) 
Installation + Labour costs  
For m2 Ceramic tiles (2nd level) 

55 
80 

Total = 80 L.E. 

Windows  
frame + shading + glass 

Wooden Window + importing+ installation 
of shading + glass 
Aluminium  Window + importing+ 
installation of shading + glass 

750 
550  

Air Conditioning unit 
AC split unit (heating+ cooling); capacity 

of 2.5kW 
3000 - 3500 Total = 3000 

L.E. 

The materials prices and installation costs in the Egytpian construction market surveyed in 09.12.2015. 

 

17.  Cost Line Item Details (based on the materials costs survey on 9 December 2015) 

Item Name Details Quantity EGP per Qty. Sub-Total Currency 

Lighting Costs All lighting installations - 3707.58 3707.58 EGP 

Glazing & Doors 
Costs 

4350 doors 
10312.5 windows 

- 14662.5 14662.5 EGP 

Building Structure 

Costs 

24360 floors 
23400 roofs 
17000 external walls 

1 64760 64760 EGP 

Sub-Structure Costs 10140 1 10140 10140 EGP 

Surface Finish 
Costs 

- 1 11063.73 11063.73 EGP 

HVAC Costs for the Building-greenhouse prototype: TSEC-
HVAC system is approximately : 9117 EGP 

Egyptian Pound 104333.8 EGP 

US Dollar 11744.09 US-$ 

* Construction Costs are calculated based on table 15 Euro 10427.14 € 
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ANNEXES 5 
 

Discussion Part  
The Dwelling Unit - HEAT PUMP Simulation 

Summer Simulation – All Dwelling Unit Zones (Heat Pump HVAC) High Comfort Hours 

(1 May- to- 15 September)  

 

Summer Simulation (Heat Pump HVAC) - Dwelling Unit - Without Services zones Low Comfort Hours 

(1 May- to- 15 September)  
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Discussion Part  

The Dwelling unit – TWO-STAGE EVAPORATIVE COOLING Simulation 

Summer Simulation – All Dwelling Unit Zones (TSEC- HVAC) High Comfort Hours 

(1 May- to- 15 September)  

 

Summer Simulation - Dwelling Unit - Without Services zones (TSEC- HVAC) Low Comfort 
Hours 

(1 May- to- 15 September)  
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The Dwelling Unit         (HEAT PUMP) Conventional 

 
(HVAC-TSEC) Optimized 

 

The Greenhouse >        Direct Evaporative Cooling (DEC-Conventional) 

 

Direct Evaporative Cooling (Optimized) 
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