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ABSTRACT 

 
The energy consumption rate of non-OECD countries rises about 2.3 percent per year 

as compared to the energy consumption rate of OECD countries which is 0.6 percent. If 

developing countries use energy efficient technology and integrate renewable energy 

systems in the new building their carbon dioxide emission rate reduces by 25 to 44 

percent.  However, even now, renewable energy integrated buildings are hardly 

considered while constructing them.  

 

This thesis work focuses on the study of solar cooling system options for residential 

house in Bahir Dar city. To meet the demand of housing in the city, different type of 

apartments and villa houses are under construction.  Case study was made focusing on 

two types of residential houses (condominium apartment and Impact Real-estate Villa 

house) to determine the cooling load and to select cooling system.  

 

Simulation results of IDA ICE software show that the average operative temperatures 

and cooling loads for condominium apartment and Real-estate Vila are 31.8oC and 

30.7oC, 5.53 kW and 5.73 kW respectively. Most of the residences are not satisfied at 

this operating temperature.  
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There are different types of solar cooling systems.  Solar Sorption cooling systems are 

commonly used which can also be classified in to absorption, adsorption and desiccant 

cooling systems.  Solar adsorption cooling systems are easy to manufacture locally as 

compared to solar absorption cooling systems. They do not have moving parts. Some of 

the working medium pairs used in adsorption cooling system are: Activated 

Carbon/Ammonia, Silica gel/ water, Zeolite/water. Adsorption chillier with Silica gel/ 

water as a working pair was selected since it can operate at regeneration/desorption 

temperature as low as 45oC coming from flat plate collectors.  At 75oC regeneration 

temperature, the system delivers 9oC chilled water temperature.  

 

The selected solar adsorption chiller has been compared with kerosene based 

adsorption cooling system using HOMER software.  In this project, the optimization was 

limited on cost comparison between the two energy sources.  The solar based cooling 

system has lower working cost.  

 

From cooling load simulation result direct solar irradiation is the highest source of 
cooling load for both houses. This gives an opportunity for passive solar cooling 
technology. 
 
 
Keywords: adsorption, cooling load, Condominium, IDA ICE, Impact real-estate 
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NOMENCLATURE 

 
1 Btu 

CPC 

1 British Thermal Unit (figure 1 and 2) = 10055 J = 778.2ft*lb  

Compound Parabolic Collector 

COP Coefficient of Performance  

DC Direct Current 

DEC 

EEPCO 

Direct Evaporative Cooling 

Ethiopia Electric Power Corporation 

ETC Evacuated Tube Collector  

FPC Flat Plate Collector  

HVAC Heating, Ventilating and Air Conditioning  

IEC Indirect Evaporative Cooling 

NPC Net Present Cost 

OECD Organization For Economic Co-Operation And Development 

PV Photovoltaic 

PPD Predicted Percentage of Dissatisfied 

SHGC Solar Heat Gain Coefficient  

  

SCL  
 

Solar Cooling Load Factor In W/M2 

SC  Shading Coefficient Which Is Dimensionless 

TOE Tonne Of Oil Equivalent 
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ABBREVIATION 
 
CaCl2 Calcium Chloride 

Cp Specific Heat Capacity Of The Air, J/(Kg-C 

Fs Special Allowance Factor Which Is 1.20 For General Application 

Fu              Ratio of Working Time To 24 Hour 

k  
 

Thermal Conductivity 

LiBr Lithium Bromide 

LiCl Lithium Chloride 

NH3 Ammonia 

Q Heat Transfer Rate (kW) 

TH Temperature Of High Temperature Heat Source (K) 

TL Temperature Of Heat Sink (K) 

Tm Temperature of Low-Temperature Heat Sink (K) 

 

 ∆t  
 

Temperature Difference Of Air Entering And Leaving  

 

W Work (kw) 

∆ω  Humidity Ratio Difference Between Air Entering And Leaving  

 Λ Latent Heat of Vaporization 
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1 INTRODUCTION 

 
Access to affordable energy service is fundamental to human activities, development, 

and economic growth. Development goals in the areas of water, health, agriculture, and 

biodiversity often cannot be met without energy inputs and the policies adopt in these 

sectors similarly impact the availability and reliability of energy services.  This is the 

reason behind the large increment in energy consumption in all over the world and 

consequently the change in climate [Flavin et al].  

 

International Energy Outlook 2009 (IEO2009) projects world energy demand for the 

year 2030 by using data’s of 1980 to 2006 year as history, as shown in figure 1 and it is 

reported that world energy consumption increase by 44 percent from year 2006 to 2030. 

Currently the OECD countries contribute the largest energy consumption. But the 

current energy consumption rate of these countries is 0.6 percent in contrast with non-

OECD countries which is about 2.3 percent per year. Because of these rates it is 

expected that non-OECD countries will be the largest energy consumers in the future, 

as can be seen in figure 2. This is due to rapid growth and increase in energy 

consumption in the non–OECD countries, and availability of energy efficient 

technologies and incentives in OECD countries. Of the non-OECD countries Chinese 

and India’s total energy consumption will increase by nearly double and this will be 

around 28 percent of world energy use in 2030. [IEO, 2009] 

 

Figure 1: World marketed energy consumption 1980 to 2030 [IEO, 2009] 
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Figure 2: World energy consumption; OECD and non-OECD countries, 1980 to 2030 [IEO, 2009] 

 

Like many developing countries, Ethiopia’s energy consumption is increasing due to 

development and new construction. As shown in figure 3 biomass contributes, the 

largest portion of energy consumption, which is traditional and inefficient. Domestic 

sector covers 89 percent of energy consumption, which is biomass and mostly in the 

rural area, used for cooking and lighting. Relative to the low average income per capita, 

which is 800 $ (46.0 €); modern fuels, particularly electricity is highly costly with limited 

supply. [DR, 2006] 

 

Figure 3: Energy consumption, toe (1 toe= 42 GJ), by source, Ethiopia, (other renewable include 99.8 
percent solid biomass and the rest geothermal energy) 1971- 1999 [ER, 2003] 

 

Ethiopia Power Corporation (EEPCO) owns and operates the national grid and the 

major hydropower plants. To cover the un-electrified cities in the country EEPCO was 
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constructing hydroelectric dams, and in year, 2009/2010 three main hydroelectric 

projects called Tkeze (300 MW), Gelgel Gibe II (420 MW) and Tana Beles which is 

multipurpose (in addition to electricity production it is also used for irrigation purpose) 

hydroelectric project (460 MW) were completed and ready to produce a total of 1180 

MW. [Bekele, 2010] 

 

Ethiopia is close enough to the equator and gets plenty of solar power whenever the 

sun is shining. That is why the name “thirteen months of sunshine” is given. Even in the 

summer season, there is sunlight for a short period of time. Though there is a huge 

potential for solar energy utilization as a most promising renewable energy resource, 

solar energy is not harnessed to generate power in a desirable way. Bahir Dar city has 

a solar insolation of a maximum in April and a minimum insolation in July. [GASIMA, 

2007] This thesis work focuses on the study of solar cooling design options and their 

feasibility considering the two housing system, low cost housing system and villas 

constructed by real estate companies in Bahir Dar city.    

 

1.1 Energy in Built Environment 

 

Due to increment of living standard and comfort, energy demand in built environment is 

increasing. 25-30 percent of entire energy allied carbon dioxide emission of developed 

countries comes from buildings.  Also in developing countries, building carbon dioxide 

emission increased from 11 percent to 19 percent from year 1973 to 1990. There is a 

reduction of carbon intensity of energy services as a result of improvements in efficiency 

and better technology but the increase of energy consumption for more services has 

plagued these intensity reductions. As shown in table 1 the total carbon dioxide 

emission of OECD countries is compared to Non-OECD and it is higher in the Non-

OECD countries with an almost flat emission growth rate for the OECD countries. [Wiel 

et al 1998] 
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Table 1: Carbon dioxide emission from buildings in percent [Wiel et al 1998] 

 

Region 

Share of total emission in 

1990 

Average annual growth rate 

in building emissions 1980-

1990 

OECD countries 

Developing countries 

China 

Other Asia 

Latin America 

Africa 

Middle East 

32 

18 

19 

19 

14 

17 

25 

1.1 

5.5 

5.5 

6.3 

3.3 

6.0 

7.8 

 

Carbon dioxide reduction in buildings include both energy-efficiency and non-energy 

efficiency technologies. Fuel changes to non-carbon intensive and also renewable 

energies are included in non energy-efficiency technology. Energy efficient technology 

in buildings includes enhancements to the building shell, better management of energy 

consumption, and improving the efficiency of different end-uses. For example, energy-

efficient windows compact florescent and improved efficiency of biomass stoves. In 

OECD countries there is a potential of 6-16 percent of reduction in carbon dioxide 

emission while non-OECD and developing countries have a larger potential of 25-44 

percent when comparing energy efficient scenarios to business as usual trends. This 

higher reduction potential is due to construction of new buildings that gives the 

opportunity to build in a more efficient way, while in developed countries, energy 

consumption reduction is done usually by retrofitting on existing buildings. Growth and 

implementation of new technologies that make energy production and consumption 

more efficient in non-OECD countries would bring a significant reduction in carbon 

dioxide emission. [Wiel et al 1998] 

 

About 86 percent of the population in Ethiopia lives in rural areas. The homes in rural 

area are traditional hut called “Tukul” that have circular floor and wall. Wood is the main 
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material that used for the construction of wall and roof supports.  The wall is reinforced 

with crop stacks and mud or ash or fresh animal dung is used for plastering. For roof 

construction light materials like bamboo and grass are used together with thin wood 

planks. The floor is a plain made of mud or covered by fresh animal dung to reduce the 

dust particles.  [Kumie et al 2002] 

 

The majority of the population use traditional and inefficient biomass (only 5 to 10 

percent of efficiency) for cooking, lighting and in cold season for heating. This results in 

deforestation and indoor air pollution. Most residential houses are not constructed to 

take in account the peoples comfort at the design stage. Thermal comfort is done by 

using external shading systems that are natural like planting trees or artificial shading 

systems, such as infiltration of air through doors and windows, adjusting their wearing 

style etc. [HEDON, 2007]  

 

Bahir Dar city is found at altitude of 1800 meter and the heating/cooling load is not as 

huge as cities in the north such as Stockholm. The hot season’s duration is longer than 

the cold season, and working on technologies for cooling can be much feasible than 

heating technologies. Bahir Dar is one of the fast growing cities in the country. To meet 

the demand of housing in the city, different type of apartments and villa houses are 

under construction. However, renewable energy integrated building are hardly 

considered in the construction of theses housings. This can lead to an energy intensive 

housing system in the near future. Solar technologies can be installed even after the 

construction of buildings. In the design of solar built environment, several scenarios 

have to be considered. The resource availability is the first issue to be addressed. A 

solar energy resource decreases when going from equator to north or south. Ethiopia, 

which is found near the equator, has a potential to utilize huge available solar energy in 

buildings. Availability of solar technologies with affordable price is the other main issue 

to employ solar built buildings in low income countries like Ethiopia.  The type of solar 

technology depends also the required heat/ cooling load in a building.   
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So as to propose an affordable solar cooling technology for Bahir Dar city, it is crucial to 

study different solar cooling technology, potential of solar irradiation and cooling load 

demand of the houses. Depending on people income level and the type of building 

house, two case studies will be considered. Low income level people are most likely to 

live in low cost housing (Condominium) while people with high income level live in villas 

(such as real-estate), which are mostly found in the suburb of the city. For these 

reasons solar cooling for condominium apartments and Impact Real-estate are the two 

case studies considered in this study.  
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2 OBJECTIVES AND GOALS 

 
This thesis work focuses on the study of solar cooling considering the two residential 

housing system, low cost housing system and villas constructed by real estate 

companies in Bahir Dar city. To do so a literature study of the solar cooling techniques 

available today will be done, an estimation of solar energy potential of the city will be 

performed and the cooling load of these two house cases will be analysed. Finally an 

optimisation and a comparison with other sources of fuel will be carried out. However, 

the limitation of this thesis work is that the software to simulate comparison to other 

resources cannot optimise solar thermal system; therefore an approximation is made by 

substituting the solar thermal system with a biomass in the software. Further, the thesis 

project includes submitting 3 draft reports, work progress reports and a presentation of 

the results.  

3 METHOD OF ATTACK 

 
To achieve the objective of this project different methods are applied. First literature 

review of different solar cooling technologies using different sources will be taken. 

Secondly solar energy resource in Bahir Dar city will be estimated. To consider average 

living standard residential houses, two case studies will be taken, a high standard level 

villas which are built by Impact real-estate Company and low cost condominium houses 

which are built by government. A study of house hold energy demand and internal heat 

gain of the two cases mentioned will be done by interviews to gather information on 

household energy demand and material of construction for both cases by preparing 

questionnaires for household responsible and for construction managers,   using IDA 

ICE software to determine the cooling loads for the two house cases from the data’s of 

the interviews. Depending on the simulated load, appropriate solar cooling technology 

will be selected. Finally, using HOMER software, optimization and comparison of the 

solar thermal cooling system with other resources will be done. During the project report 

drafts are continuously written and submitted to the supervisors for feedback.   
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4 SOLAR COOLING SYSTEMS  

 
Energy use in buildings varies due to geographic place, climate, culture, wealth and 

types of building. For example space heating is dominant in developed countries like 

Europe, northern China and Japan. Where as, in developing countries like India and 

Ethiopia cooking is the main energy use.  [Kornevall, 2009] Heating, ventilating and air 

conditioning (HVAC) are systems that control the indoor air, which is strongly dependent 

on the outside climate, by regulating temperature and humidity in order to attain thermal 

comfort and indoor air quality. [Mateus et al 2009] This is mostly achieved by vast 

energy inputs through conventional systems that utilises fossil fuels. However burning of 

fossil fuel has a negative impact regarding the environment and source of energy. 

Replacing these non-renewable energy sources with renewable is a major option to 

protect global environment and for having secured source of energy. Thus reduction of 

energy consumption and generation of CO2 emission give an opportunity for solar 

based HVAC systems.  Solar based HVAC systems have been used for building 

application for many years. [Kim et al 2008] Solar heating systems provide heat or 

retain solar radiation in the building structure. Whereas cooling systems provide lower 

temperature or protect the building from direct solar radiation.  Depending on the way 

solar energy utilisation, solar cooling and heating systems can be divided as passive or 

active technologies (table 2). Passive technologies do not use mechanical devices or 

use them only in small portion and it is related to building design. Whereas active 

technologies use mechanical devices, like fans and pumps to increase efficiency of the 

system. Active technologies collect the solar radiation by using photovoltaic cells or 

solar collectors. [Chan et al 2010] 
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Table 2: Solar heating and cooling technologies by active and passive systems [Chan et al 2010] 

 Driving devices heating cooling 

 

 

 

 

 

 

Active solar 

 

 

 

 

 

 

Photovoltaic 

Directly convert solar 

irradiation to  electricity  

 

The Produced 

electricity is used as 

source of energy to 

a conventional 

heating  device 

 

The Produced 

electricity is used as 

an input to a 

conventional 

cooling device 

 

Solar collectors 

Collect and  Convert solar 

energy to heat and 

transfer the heat to a 

working fluid 

 

The hot fluid is 

transferred through 

a heat exchanger to 

the building 

 

The hot fluid is used 

as input energy to 

an air conditioner 

called solar 

assisted air-

conditioning 

systems 

 

Passive solar 

 

 

 

 

 

 

 

Building components such 

as  roofs, walls or floors  

Heat from solar 

radiation is 

absorbed, stored or 

used to preheat 

ventilation air  

Air flow by 

buoyancy 

mechanism to 

ventilate the air in 

the room or by 

evaporation to 

create cold. 

4.1 Passive solar cooling systems 

 
Passive solar technology is an architectural approach that uses specific building 

designs to maintain the indoor thermal comfort and to reduce conventional energy 

consumption. The building design use a specific parameters like geographic location 

and climatic condition, building shape, orientation, selection of construction materials, 

building openings, selection of suitable sunshades, etc. In addition to all these, the 
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building design must meet economical and functional in a satisfactory performance. 

[Robertson et al]  Unlike active solar system air flow is obtained by the effect of 

buoyancy (table 2) where hot air with low density moves up ward and cold air having 

high density moves down ward [Chan et al 2009].For passive solar building 

construction, the material of construction, orientation and shape of a building must be 

designed by considering the external conditions, such as amount of light, heat, and air 

movement needed in the house where as material of constructions are done by 

considering thermal, moisture and sound demand [Ralegaonkar et al 2010]. Windows, 

walls, and floors can be designed to collect, store and distribute solar energy in the form 

of heat in cold season and reject or block heat in hot season. [NREL, 2001] 

 

Passive solar cooling can be done by simply blocking the sunlight by a roof overhang 

(control as shown in figure 4) or other devises, such as awnings, shutters and trees. To 

maintain the proper shade, the physical dimension of the overhang should be 

considered. On the other hand passive solar cooling can be achieved by circulation of 

air in the room by buoyancy effect called natural ventilation or through evaporative 

effect. [Chan et al 2010] 

 

 

Figure 4: passive solar house. [NREL, 2001] 
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Aperture (collector): this is glass (window) that allows sunlight to pass through it. Here 

the aperture should not be shaded by trees or any other buildings and its face towards 

to the equator. 

Absorber: it is dark in colour and placed on the direct passage of solar radiation and 

absorbs it as heat. It could be a masonry wall, floor, or partition (phase change 

material), or that of a water container.  

Thermal mass: this element stores the absorbed heat. Usually the absorber and thermal 

mass form the same wall or roof, but the absorber is exposed to sunlight and thermal 

mass is behind or under the absorber.  

Distribution: this is the heat transfer mechanism from the storage to different areas of 

the room. For pure passive solar house the heat is transferred by conduction, 

convection and radiation. In some application fans, ducts and blowers can be used to 

enhance the distribution.  

Control: unlike the above four elements that are applicable for solar heat gain during 

cold season, this element is appropriate for hot/summer season. It blocks the sunlight 

not to pass in to the room or through the collector. Roof overhangs can be used or other 

elements that control under-and /or overheating include: electronic sensing devices, 

such as a differential thermostat that signals a fan to turn on operable vents and 

dampers that allow or restrict heat flow; low emissivity blinds; and awnings. [NREL, 

2001] 

4.1.1 Evaporative cooling 

 

Evaporative cooling is the oldest and the most effective passive solar cooling system.  

This system uses evaporation of water to create a cooling effect and it is integrated on 

the roof rather than facade. There are two types of evaporative cooling systems: direct 

evaporative cooling (DEC) and indirect evaporative cooling (IEC) systems. In DEC 

system the cooling effect is governed by evaporation of water in the air. Here the major 

principle is transformation of sensible heat (from air) to latent heat (evaporation of 

water). Water is supplied and re-circulated to the air stream by using pumps, so that 

some of the water is evaporated by the sensible heat from the air, as shown in figure 
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5(a). At the end of the process the amount of moisture in air is increased which 

decrease cooling efficiency of the system especially in hot and humid climate. Therefore 

the supply air to the indoor is usually dehumidified to increase the cooling efficiency. 

Dehumidification can be attained by using water absorbing substance such as 

desiccants.   

 

In IEC system cooling is also attained by evaporation however there is a heat 

exchanger in between wet air and dry supplied air stream. The heat exchanger can be a 

wall which is covered by a water resistance layer to prevent introduction of moisture in 

the supply air as shown in figure 5(b).The principle is the same as the DEC system. The 

water in the wet surface is evaporated by the hot air stream and cools down the surface. 

This cold surface exchanges only heat (without moisture) with the supply air stream and 

results in a cold and dry air stream. Then the cold dry air will be supplied without any 

additional dehumidification process.  [Chan et al 2010] 

 

 

 

 Figure 5: (a) Direct evaporative cooling [Florides et al 2002]     (b) Indirect evaporative cooling [Chan et 
al 2010] 
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4.1.2 Solar chimney 

 

The function of solar chimney is to create air movement in the building, by converting 

solar thermal energy to kinetic energy. Here the driving force is Buoyancy force which 

comes from density difference that results from temperature difference between the inlet 

and outlet of the chimney. 

 

 

 

 

Figure 6: Solar chimney operation modes [Chan et al 2010]  

 

Solar chimney can operate in different modes as shown in figure 6. The first one natural 

ventilation mode is applied when the outdoor temperature is lower than the indoor, in 

which passive cooling is achieved.  However when the outdoor temperature is higher 

than the indoor (in hot climate) it acts as thermal insulation. In this case other active or 

passive systems can be used in place of chimney to satisfy thermal comfort. Solar 

chimney has the ability to warm or ventilate the room air even in hazy days. [Chan et al 

2010] 

   
Proper solar passive design of orientation, structure envelope, construction material is 

very vital to control thermal heat gains/loss and reduces the size of HVAC system, if 

there is. Solar passive designs add 0-15 percent of design and construction costs. But 

they results in a long life energy savings.  

 

The dark colour of passive solar collector maximises absorption of solar radiation.  

However usually this dark surfaces are not acceptable aesthetically. Therefore active 
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solar collectors are used in replace to those facades and installed separately from the 

building or confined to roof to minimise aesthetic problems.  

4.2 Active Solar cooling Systems   

 
Solar active systems use mechanical device to accomplish the three principles; collect, 

store and distribute solar energy. Active systems are more expensive, easier to retrofit 

and efficient than passive systems. [NREL, 2001]  Depending on the way the solar 

energy is used active solar cooling systems can be broadly classified as solar thermal 

refrigeration and solar electric refrigeration. In the first one solar thermal collector are 

installed with the system to create cooling effect.  While in the second one photovoltaic 

panel are used to drive conventional system by electricity (refer Table 2).  

 

4.2.1 Solar thermal collectors 

 
According to [Kalogirou et al 2004] solar thermal collectors is defined as “Solar collector 

is a device which absorbs the incoming solar radiation, converts it into heat and 

transfers this heat to a fluid (usually air, water or oil) flowing through the collector.” Non-

concentrator and concentrators are the two main types of solar collectors. The non-

concentrating solar collector have the same area for intercepting and absorbing  the 

solar irradiation whereas concentrating solar collectors intercept solar energy generally 

in concave shaped surface and focus it to a smaller area of receiver so that a higher 

solar radiation flux will be absorbed. [Kalogirou et al 2004]     

 

Non-concentrating solar collectors 

 

There are three types of non-concentrating (fixed) solar collectors; flat plate collector 

(FPC), Evacuated tube collector (ETC) and compound parabolic collector (CPC). FPC 

and ETC are common solar collectors used in solar thermal systems [Fong et al 2010].   

In FPC shown in figure 7 (A), the solar radiation passes through glazing and absorbed 

by the darkened absorber plate and then transferred to a circulating fluid in the tubes. 
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The hot fluid is carried away for direct use or to a storage system. The sides and the 

undersides of the casing are well insulated to minimize the heat loss to the surrounding.  

The top transparent cover stagnate the air between the absorber plate and the tubes, so 

that heat loss by convection is reduced. Also it reduces the radiation heat loss from the 

collector because it is transparent for short wave radiation (from solar radiation) and 

nearly opaque for long wave radiation (from the absorber). FPC is employed for low 

temperature application up to 100oC. FPC work efficiently in sunny and warm days, 

when the weather cold, cloud and windy their performance reduced greatly. [Kalogirou 

et al 2004]     

 

 

A). Flat plate    type collector [Kim et al 2007]                   B) Evacuated tube collector [Kalogirou et al 

2004]     

Figure 7: Schematic diagram of non-concentrating solar collectors 

 

ETC operates differently than any other solar collector available.  As shown figure 7 (B), 

it contains a heat pipe inside the vacuumed tube. The vacuumed tube reduces heat loss 

by conduction and convection so that higher temperature (up to 200oC) can be 

obtained. In the heat pipe there is a small amount of primary fluid (such as methanol) 

that undergoes evaporating and condensing cycle. Solar radiation passes through the 

vacuumed tube and absorbed by the dark absorber plate. The primary fluid in the heat 

pipe vaporised by the heat from the plate, then the vapour goes upwards to the top heat 
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sink region where it condensed and released its latent heat. The condensed liquid goes 

back to down wards to repeat the cycle. The heat pipe condenser is used as a heat 

exchanger between the primary fluid and the secondary fluid (can be water or glycol) 

that flows over the condenser. The hot secondary fluid then goes to be used directly or 

to storage tank. ETC have high efficiency at lower incidence angle and give advantage 

over FPC. [Kalogirou et al 2004] 

 

Concentrating collectors 

 

A higher temperature can be obtained by decreasing the area where the heat loss 

occurs. In concentrating collector the solar radiation is optically concentrated before it is 

transformed in to heat energy. By concentrating the solar irradiation to a small receiver 

the solar energy flux is increased and the heat loss from the receiver area is decreased. 

The concentration can be obtained by reflection or refraction of the solar radiation in to 

a focal zone.  

 

In this type of collector temperatures far above the FPC (above 500oC) can be 

absorbed. The thermal efficiency is also higher since the heat losses are smaller than 

the receiver area. But there are disadvantages in using this type of solar collectors. 

Some form of tracking is required in order to follow the sun. And also the reflectance of 

the concentrator surface may decrease through time so that periodic cleaning and 

refurbishing may be necessary. [Kalogirou et al 2004] 

 

4.2.2 Thermal driven refrigeration 

 

In thermal driven refrigeration system the solar collectors provide heat to a heat engine 

(in thermo mechanical refrigeration) or thermal compressor (for sorption refrigeration). 

The efficiency of solar collectors is dependent on operating temperature so that at 

higher operating temperature its efficiency will become lower. This is due to the heat 

loss to the ambient increases when the temperature increases. However the heat 
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engine or thermal compressor efficiency is high at high operating temperature. 

Therefore an optimum operating temperature must be considered for thermal 

refrigeration. [Kim et al 2008] 

4.2.3 Solar electricity- Photovoltaic 

 
Photovoltaic system can be defined as [Sharma et al 1995] “A photovoltaic (PV) system 

is an integrated assembly of modules and other components, designed to convert solar 

energy in to electricity to provide particular service, either alone or in combination with a 

backup supply.”  The PV cells are encapsulated at the top with a transparent glazing 

and at the back with a moisture proof to insulate the cells electrically and from 

environmental damages. A module is the fundamental component of PV generator. It is 

an assembly of serious connected PV cells. Serious connections of module form an 

array. If the power produced by the serious string of PV module is not enough the 

serious strings are connected in parallel. Most of the PV panels available in the market 

are made from silicon and have low efficiency of 15-19 % which will result in low overall 

system efficiency. [Florides et al 2002] 

 

In solar refrigeration system electricity generated by the PV panels will be utilised by an 

electric motor to drive a vapour compressor. The vapour compressor extracts heat from 

the indoor air by evaporating working fluids during cooling cycle and rejects it to ambient 

through condenser. During the heating cycle it supplies heat to the space. 

Thermodynamically it pumps heat from low temperature to high temperature. [Lorsch, 

1981] The efficiency of the panels is dependent on the operating temperature. When the 

operating temperature increase the efficiency of the panels will decrease. But the 

efficiency of engine increases with increasing working temperature. Therefore the 

optimum operating temperature must be considers in order to get the maximum 

combined system efficiency. [Kim et al 2008] 

 

 

 

 



27 
 

5 ACTIVE SOLAR COOLING TECHNOLOGIES 

In case of very hot summertime passive solar cooling technologies alone cannot satisfy 

cooling demand. [Choudhury et al 2010] In 1970 solar refrigeration systems gained an 

interest when the world was suffering from an oil crisis. Starting on wards solar 

refrigeration development continues and they are available in the market with much less 

price than ever. [Kim et al 2008] Active solar cooling systems can be used in two ways 

solar electric refrigeration and solar thermal refrigeration (refer chapter 4). [Choudhury 

et al 2010] Solar thermal refrigeration again will be classified as solar sorption and 

thermo mechanical refrigeration. Solar sorption refrigeration includes absorption, 

adsorption and desiccant cooling systems.  

5.1 Solar electric refrigeration 

 
The main components in solar electric refrigeration are photovoltaic panel, inverter, 

storage system, and an electrical refrigeration device. As shown in figure 8 the 

electricity from the PV panels are used by the DC motor to drive a compressor. The 

compressor creates a cooling effect (Qe) at the evaporator, in which the working fluid 

vaporised by extracting heat from low temperature.  The superheated vapour from the 

compressor enters into the condenser changed to saturated liquid and release heat 

(Qc). The saturated liquid then goes to evaporator for another cycle through expansion 

valve. [Lorsch, 1981] 
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Figure 8: Schematic diagram of solar electric refrigeration [Kim et al 2008] 

 

Using solar panels with vapour compression technology which is a known and well 

developed system brings an advantage for solar electric refrigeration. Shortage of 

storage system and the high cost of the panels compared with their low efficiency (refer 

chapter 4) are the challenges faced to expand the commercialization of this system. 

Since the solar radiation is different through different hours in day, the production rate 

of electricity and cooling effect differs also. Therefore a backup system is needed. [Kim 

et al 2008] 

5.2   Thermo mechanical refrigeration 

 
Here a heat produced by solar collectors is used by a heat engine to produce a 

mechanical work to drive a vapour compressor refrigeration machine (figure 9). 

[Florides et al 2002] Stirling and Rankine engines are the most common type solar 

powered engines. The maximum Rankine engine efficiency (W/Qg, in figure 14) of 35 

percent was attained by tower mounted receiver with solar radiation concentrated 

using thousands of sun-tracking mirrors mounted on earth. Stirling engine perform 

better than Rankine engine at very high operating temperature.  
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Figure 9: Schematic diagram of solar mechanical compression refrigeration. CON is condenser and EVA 
is evaporator [Kim et al 2008] 

 

The heat engine receives a power of Qg from the solar collector, produces a work W 

and rejects heat (Qa) to the ambient at a temperature TM.  The produced work drives 

compressor that produces a cooling power of Qe at the evaporator at a temperature of 

TL. The condenser rejects a heat   Qe to the ambient at temperature of TM.  

 

The challenge in using solar mechanical compression refrigeration is a temperature 

variation in the storage system and in the cooling load, there for an auxiliary unit is 

required when the engine output is inefficient or else in case of excessive power 

output. Also it is more expensive than solar electric refrigeration, for the same power 

output. Even without including engine cost the price per work produced of non-

concentrating solar collector (only evacuated tube collector) is much higher than the 

PV panel. This cost will be very high if compared with concentrating solar collectors. 

[Kim et al 2008] 
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5.3 Solar sorption refrigeration 

 
The process of attracting and sustain a gaseous or liquids is described as sorption. In 

sorption refrigeration the solar thermal energy is directly converted to cooling effect by 

physical or chemical attraction between a pair of substances. The pair of substances 

are sorbate and sorbent. Sorbate is a substance having lower boiling temperature and 

plays the role of the refrigerant. The sorbent have the ability to attract and hold other 

gases or liquids. [Kim et al 2008] 

 

Sorption refrigeration system can be classified as closed and open sorption system. 

Closed sorption system includes absorption and adsorption refrigeration. Desiccant 

refrigeration is an open sorption system. [Florides et al 200] Absorption is a type of 

sorption process in which the sorbent absorbs a refrigerant molecule internally and 

changes its property (physical or chemical) in the process. Adsorption involves a solid 

sorbent and does not involve phase change during the process; rather the sorbent only 

increases by weight due to the adsorbed sorbate.  The major difference between 

absorption and adsorption is the nature of sorbent and the duration of the process which 

is longer for adsorption. [Fan et al 2007] Desiccants are sorbents having a special 

attraction to water. Here the sorbent or desiccant, absorbs moisture from humid air 

without changing the physical characteristic of the desiccant. [Florides et al 2002] 

Sorption systems are less expensive than solar electric and solar thermal refrigeration 

and their cost is dominated by the solar part of the system [Fan et al 2007].  

 

Figure 10 shows the general diagram of closed solar sorption system. There are two 

major components, generator and absorber. The generator is a component in which 

desorption (regeneration) takes place using heat and the absorber is a component 

where sorption takes places. The heat Qg produced by the solar collector regenerates 

the sorbent that absorbs the refrigerant (sorbate) fluid in the absorber. From the 

generator the vaporised refrigerant goes to the condenser where heat (Qc) is rejected, 

while the sorbent back to the absorber to absorb the coming refrigerant from the 

evaporator and rejects a sorption heat Qa to the ambient. In the evaporator the 

liquefied refrigerant vaporised by removing a cooling load of Qe. [Kim et al 2008] 
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Figure 10: Schematic diagram of closed solar sorption refrigeration. [Kim et al 2008] 

 

Heat driven cooling systems can be classified into three temperature levels, (figure 10). 

High temperature (TH) which is the driving temperature or heat source temperature, the 

medium temperature (TM) which is the temperature of the heat rejected to a heat sink 

(usually ambient temperature) and the low temperature (TL) which is the temperature 

created by the system at the evaporator. Ideal COP called the maximum possible COP 

can be defined as, 
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In heat driven systems efficiency is describe by Coefficient of performance (COP); it 

shows how much heat is converted to cold. It is defined as the ratio of the useful cold to 

the supply heat. 

 

When COP of a system is smaller, that means the useful cold is smaller, then it requires 

a higher heat input which is not advantageous. In the opposite when higher COP is 

attained the system requires a smaller heat input which is very advantageous. When 

COP of different systems is compared, other heat input or power consumption like 

pump and fan must also be included. [ESTIF 2006] 

 

 

 

Figure 11: COP curve of different solar thermal chillers at different supply temperature [Henning, 2007] 

 



33 
 

For similar chilled water and cooling water temperatures, different COP can be obtained 

by varying the supply inlet temperature (figure 11). Ideal COP is obtained with much 

smaller heat source temperature with higher value compared to the real COP. From 

COP curve adsorption systems with low supply hot water temperature can give a similar 

COP compared with absorption system at higher supply temperature. [Henning, 2007] 

Multi-effect absorption systems will be discussed latter. 

 

5.3.1 Absorption chillers 

 
Absorption is the most common types of solar refrigeration system. It is a reversible 

process. For the same capacity it has smaller physical dimensions than adsorption due 

to the high heat transfer coefficient and fluid property of absorbent. The phenomena in 

absorption refrigeration include fluid phases having strong affinity. [Srikhirin et al 2001, 

Kim et al 2008] 

 

As shown in figure 10 the main components of absorption chillers are generator, 

absorber, condenser, evaporator, pump and expansion valves. Cooling is formed in the 

evaporator where the refrigerant is vaporised. The vaporised refrigerant goes to 

absorber and absorbed by the sorbent. Here the dilute solution of sorbent sorbate is 

formed. In order to increase the efficiency of the process, cooling is done. The dilute 

solution is pumped to generator where the sorbent is regenerated by a solar supply hot 

water. The concentrated vaporised refrigerant goes to condenser whereas the sorbent 

goes to absorber.  After the refrigerant condenses it will go to evaporator for another 

cycle. [Fan et al 2007] 

 

A fundamental requirement of refrigerant/absorbent mixture is the margins of miscibility 

that must be at the range of operation temperature of the cycle. In addition they must be 

non-toxic, chemically stable and non explosive. There are many types of working fluids, 

but water/NH3 and LiBr/water are most commonly used. [Fan et al 2007] In the first case 

NH3 is the refrigerant and in the second one water vapour is the refrigerant. The water 

/NH3 system needs a rectifying column to assure no water vapour enters in the 
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evaporator, which will result in freezing in the evaporator.  In addition the system needs 

a high generators temperature. Comparison between the two working fluids is shown in 

table 3. [Florides et al 2002]  Generally NH3/water system is usually used for 

refrigeration in industrial applications, while LiBr/water systems are common in air 

conditioning applications [Fan et al 2007].  

 

 

Table 3: Comparison between absorption system with water/NH3 and LiBr/water [Fan et al 2007] 

Working pair Advantages Disadvantages 

 

water/NH3 

Evaporative at the 

temperatures below 0oC 

Toxic and dangerous for 

health (ammonia) 

 

 

 

 

LiBr/water 

High COP The risk of crystallization, 

therefore a device anti-

crystallization is necessary 

Low operation pressure Relatively expensive 

Environmental friendly and 

in noxious. 

Large latent heat of 

vaporization. 

 

 

The majority of absorption chillers are single effect. To improve the performance of the 

system, the absorption chillers can be made higher or multi effect when a higher heat 

source is available (figure 11). This temperature can be obtained by using 

concentrating or evacuated tubes and by utilizing the heat rejected from the high 

temperature stage for generation of additional cooling effect in the low temperature 

stage. [Srikhirin et al 2001] Double effect systems average COP ranges between 1.0- 

1.2, and triple effect with an average COP of 1.7. [Fan et al 2007] 

 

A single effect water/NH3 solution with a heat source regeneration temperature of 80 to 

120oC can give a COP of 0.3 to 0.7. A LiBr/water absorption chiller usually works with a 

heat source temperature of above 88oC and results a COP of 0.6.  Even though these 

systems can operate with flat plate collectors usually to obtain a higher COP they are 
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equipped with an evacuated type collector especially for LiBr/water working fluid.  For a 

double effect LiBr/water absorption chillers a regeneration temperature of 150oC is 

required which is obtained by concentrated type collector. [Wang et al 2009] 

 

Most commercial available absorption chillers have a capacity of 100 kW and a small 

capacity less than 50 kW is very rare. [Henning, 2007]  But recently small capacity even 

less than 10 kW are becoming available in market. SolarNext a German company 

produces a 10 kW single effect NH3/water absorption chillier and it requires a supply hot 

water temperature of 68 to 75oC. The produced chilled water temperature and COP are 

19 to 6oC and 0.64 respectively.  Another small scale market available absorption 

chillier is developed by Rotartica Company in Spain. It is a single effect LiBr/water 

having a cooling capacity of 4.5 kW. For a regeneration hot water supply of 90oC its 

COP will be 0.7. By varying the supply temperature different COP and chilled water can 

be obtained. [Wang et al 2009]  

5.3.2 Adsorption chillers 

 
Adsorption process results from an interaction between a solid (adsorbent) and fluid 

(refrigerants). Depending on the type of adsorbent and refrigerant reaction, the reaction 

can be categorised as physical and chemical adsorption. Physical adsorbents are highly 

porous and have high surface to volume ratio that can selectively catch and hold 

refrigerants through the type Van der Waals force. [Fan et al 2007] Common working 

physical adsorbent refrigerant pairs are activated carbon-methanol or ammonia and 

silica gel-water. Strong chemical bond between the refrigerant and the adsorbent is 

characteristic of chemical adsorption. This strong bond makes the process complex as it 

needs more energy in order to regenerate and reverse the process than the physical 

adsorption process. The most common chemical adsorbent used in solar cooling 

system is calcium chloride (CaCl2) with ammonia and water as a refrigerant. [Kim et al 

2008] In solar powered adsorption activated carbon, silica gel and zeolite are common 

types of adsorbents while water, methanol, ethanol and ammonia are common 

refrigerants used. [Fan et al 2007] Silica gel-water is the best combination adsorption 

refrigeration due to its low regenerating temperature. It can operate with a supply hot 
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water temperature of 45 to 90oC (figure 11). This temperature can be achieved by flat 

plate solar collector. In addition it will enable the chillier to work more than eight hour in 

a day. At lower regeneration temperature a COP of 0.3 can be obtained. [Wang et al 

2009] Zeolite-water pair needs a regenerating temperature of above 200oC and 

activated carbon-ammonia pair needs around 150oC. And these temperatures cannot 

be obtained by flat plate or evacuated type collector. [ESTIF 2006]  

 

Figure 12: Working principle of adsorption chillers [ESTIF 2006] 
 

Components of adsorption chillers are similar with absorption chillers.  The adsorption 

process can take place with a single adsorbent bed called fixed bed or multiple 

adsorbent beds.  If fixed bed is used the process will operate without any moving parts 

which results in silent and highly reliable. However the process will be intermittent, as a 

result COP of the system will decreases; therefore multiple adsorbent beds are required 

for continuous process and to increase COP of the system. [Choudhury et al 2010] For 

example in double adsorbent bed (figure 12), the refrigerant in the evaporator create a 

cooling effect by vaporisation. Then it goes to bed 2 and adsorbed by the sorbent bed 

while the refrigerant in bed 1 is regenerated by using hot water.  In this case bed one 

act as an adsorbent bed while bed 2 is a regenerator. For the second cycle bed 2 will 

act as a generator while bed 1 is an absorber, the adsorbent bed is changed between 

regeneration stage and adsorption stage so as to form a pseudo cyclic system. [ESTIF 

2006]  
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Unlike absorption process crystallization and corrosion are not a problem in adsorption 

process. It is much flexible in regeneration temperature and can be best applicable for 

part load process. [Choudhury et al 2010] The principal limitations of the adsorption 

system are weak heat and mass transfer character of the adsorbent beds. The 

adsorbents like zeolites, activated carbon and silica gel have low thermal and poor 

porosity characteristics, as a result its component are bulky collector/generator/absorber 

and expensive.  And thus, its excessive heating capacity leading to rather low thermal 

COP. [Fan et al 2007] Optimum adsorbent bed structure lies between a high porosity 

required for fast vapour diffusion and the high density required for good thermal 

conductivity. To improve the mass and heat transfer of the adsorbent bed so as to 

decrease the size and cost of the system, addition of packing density of adsorbent, 

using selective coating material, using heat transfer fins, employment of consolidated 

adsorbent and selecting a suitable working environment are the main technologies. 

[Choudhury et al 2010]  

 

Most market available adsorption systems working fluids are water /silica gel with 

capacity that ranges between 50 kW and 500 kW. [ESTIF 2006] For residential 

application with small cooling capacity adsorption chillers are very limited in the market. 

Sortech, a German company developed a silica gel/water adsorption chillier with a 

capacity less than 10 kW. At a regeneration temperature of 75 to 67oC, it produces 5.5 

kW capacities with 18 to 15oC chilled water production. [Wang et al 2009]  

5.3.3 Solar desiccant cooling 

 
Open sorption system is usually called desiccant cooling where the desiccant or sorbent 

is used to dehumidify air. The conventional air conditioning systems usually don’t 

control the humidity but only the temperature of conditioned space. If they do, they 

control it indirectly through temperature. But, desiccant cooling systems directly achieve 

the dehumidifying process through the use of desiccant materials [Panaras et al 2010] 

and this make a desiccant cooling system a complete HVAC system. Desiccant 
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materials have the ability to absorb water. Silica gel, activated alumina, zeolite, LiCl and 

LiBr are examples of desiccant or absorbing sorbents. [Kim et al 2008]  

 

Basically there are two types of desiccant systems; liquid and solid depending on the 

phase of sorbent used. In liquid desiccant cooling technology both the liquid and the air 

flows between a dehumidifier and a regenerator. The working fluid for liquid desiccant is 

LiCl/water which works at atmospheric pressure, which will reduce the cost of sealing 

when compared to absorption chillers. It can be used with a low temperature of 40oC. 

However this technology has a problem of corrosion which is formed by inorganic salt 

contained by the container. To solve this problem a polymer type of equipments is used. 

In addition due to its liquid working fluid its systems are big and also it is not available in 

the market but researches and developments are ongoing. [Wang et al 2009]  

 

A typical solid desiccant cooling system is shown in figure 13. Unlike the liquid, it is 

more compact. The return air from the conditioned space passes through an 

evaporative cooler and becomes cold and humidified (5 →6). Then it passes through a 

sensible heat exchange and becomes warmer.  

 

 

Figure 13: Schematic diagram of solar solid desiccant cooling [Fong et al 2010] 
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This warm and humid air passes through the solar heating coils and becomes hot and 

humid air (7 →8), which heats and regenerate the desiccant wheel while passing 

through it and exhaust to the ambient (8 →9). Fresh air then passes through the 

regenerated desiccant wheel where water in the air is absorbed by and becomes dry 

and hot (1 →2). This dehumidified hot air enters into the sensible heat exchanger and 

cools down (2 →3) by preheating the cold air (6 →7). After this it can be directly 

supplied to the conditioned space or cools down by the evaporative cooler if necessary 

(3 →4). Evaporative cooler is used to adjust the humidity and temperature if it is 

necessary. The sensible heat in the air will evaporate the water in the evaporative 

cooler and results in a lower temperature and higher humidity content of supply air to 

the conditioned room.  [Kim et al 2008]  This type of desiccant system is applicable for 

temperate zones where the dehumidification process is not as high as compared to 

Mediterranean countries. [Henning, 2007] 

 

LiCl and silica gel are widely used in solid desiccant wheel with regeneration 

temperature of 60 to 120oC and 80 to 150oC respectively. Compared to the other types 

of desiccant LiCl has a high moisture removal capacity. Researches show that using a 

composite type desiccant like silica gel Haloids it is possible to increase a moisture 

removal of 20 to 30 percent compared to silica gel alone. [Wang et al 2009] 

 

Desiccant cooling is a complete HVAC system and performs efficiently in humid climate 

than all sorption systems. It is easy for maintenance and reliable but when compared to 

other sorption systems it is big in size and complex for residential installation. It is very 

expensive and problems related to installation of the complex system components while 

connecting to the solar heating system, results in problem of successful integration with 

buildings. [Panaras et al 2010]   

 

Commercial availability of this technology is very limited especially in small size. In 

China 11 kW cooling power desiccant wheel is installed for demonstration. Experiment 
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shows that when the outdoor condition is 35oC and 23.2 g/Kg of relative humidity, it 

supplies air at temperature of 25oC and 17.7 g/kg. [Wang et al 2009]  

 

Generally a high initial cost is a common problem encountered in solar based 

refrigeration system when compared to conventional vapour compression system 

[Florides et al 2002]. Of these systems thermo mechanical refrigeration and solar 

electrical refrigeration systems are the most expensive and the first one has higher 

initial and operating cost than the second one.  Due to these solar electric and thermo 

mechanical refrigeration are not well developed even in developed countries like 

Europe. But heat driven sorption systems are well developed. [Henning, 2007] 

Desiccant cooling systems are the best solution in a high indoor air quality demand. But 

due to the high air and water handling equipments its initial cost is very high compared 

to other sorption systems. This limits its commercial availability. Generally absorption 

and adsorption systems have a comparable performance. But adsorption system is 

more expensive than absorption. This is mainly due to a low power density of adsorbent 

bed and therefore, requires bigger components that increase its initial cost. [Kim et al 

2008] 

In year 2006, a total of 70 solar thermal refrigeration systems were installed in Europe, 

40 were in Germany and 27 were in Spain. 59 percent of the installed systems were 

absorption, 23 percent desiccant wheel and 11 percent adsorption (figure 14). The rest 

which is 6 percent were liquid desiccants. This shows that solar based absorption 

chillers are most commercialised solar thermal systems whereas liquid desiccant 

systems are the least. 
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Figure 14: Distribution of solar thermal system in Europe in terms of number of system and cooling 
capacity [Henning, 2007] 

 
However in terms of cooling capacity adsorption refrigeration system shows the highest 

value. Even though it counts only 11 percent of the total installed systems it shares 25 

percent of the total cooling capacity, whereas absorption and desiccant wheel shares 60 

and 13.4 percent respectively. [Henning, 2007] 

 

In the design of solar built environment, several scenarios have to be considered. The 

resource availability is the first issue to be addressed. A solar energy resource 

decreases when going from equator to north or south. Ethiopia, which is found near the 

equator, has a potential to utilize huge available solar energy in solar built buildings. 

Availability of solar technologies with affordable price is the other main issue to employ 

solar built buildings in low income countries like Ethiopia.  The type of solar technology 

depends also on the required cooling load in a building.   
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6 ESTIMATION OF SOLAR RADIATION IN BAHIR DAR CITY 

 
Bahir Dar city is found at latitude and longitude of 11.15 E and 37.77N, which is in north 

western part of Ethiopia at 578 km from Addis Ababa the capital city of Ethiopia. The 

city is place on the northern shore of Lake Tana (the largest lake in Ethiopia and the 

source of the Blue Nile River (Tis Abay)). It is the capital city of the Amhara region.  

 

Average monthly temperature and humidity data of the city is shown in appendix 14.1.  

Majority of the year season is summer. June, July and August months are winter 

seasons having high rainfall and relative humidity (up to 81 percent) in relative to other 

months as shown in figure15. As a result the ambient temperature drops in these 

months. The rest of the year is summer season (relatively hot and dry), in which there is 

low relative humidity (minimum of 46 percent). March, April and May are the hottest 

months of all.  

 

 

Figure 15: Monthly average temperature and relative humidity 
 

In order to select solar cooling system for the city, the amount of solar irradiation must 

be known. National Metrological Agency Service (NMSA) is responsible for supplying 

metrological data of weather in the country. But regularly recorded data of solar 

irradiation is not available for all regions, only for Addis Ababa city. For the city available 
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metrological data found are sunshine hour, temperatures (monthly minimum and 

maximum), relative humidity and wind speed. Therefore solar irradiation is estimated 

using an empirical formula called Linear and Quadratic Angestrom method. These 

empirical formulas that are well known correlate sunshine hour with global solar 

radiation.  Global solar radiation is the total solar radiation that is measured on a 

horizontal surface, and it can also be measured using pyranometer instrument. [Drake 

et al 1996] 

 

Monthly average sunshine hour of thirteen year data is obtained from NMSA. Also solar 

irradiation data can be obtained from NASA “renewable energy source website”, which 

use longitude and latitude parameters for estimation of monthly average solar irradiation 

of twenty two years data.  [NASA]  

 

6.1 Global solar irradiation estimation using empirical formulas 

 

Global solar irradiation can be estimated using Angestrom Linear or Angestrom 

Quadratic using the following equation, [Drake et al 1996] 

= Equation.6-1 Angstrom Linear 

 

Equation.6-2 Quadratic Angstrom 

 

 

 Where; H= monthly average of the daily global radiation on a horizontal surface, W/m2 

                Ho= average value of daily extraterrestrial solar radiation on a horizontal 

surface for    each month, W/m2 

              n= monthly average of daily bright sunshine hours 

              Nd= average of the maximum possible daily hours of sunshine  

              a, b, ao, a1, a2 are dimensionless empirical coefficients 
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As can be seen in equation 6-1 and 6-2, (H/Ho) and (n/Nd) are similar for the linear and 

quadratic equation and sometimes they are called the clearness index and fraction of 

sunshine hours respectively. [Yohanna et al 2011] 

 

Nd can be estimated using the following formula, [Nguyen et al 1996] 

 

 

Where, δ- suns declination angle            

           Φ-Latitude of the country 

Sun declination angle can be calculated using, [Nguyen et al 1996] 

 

 

 

Where d is the day number of the year starting from January one. 

Ho can be estimated using, in W/m2
 [Nguyen et al 1996] 

 

 

 

Where      Gsc is solar constant and its value is 1367 W/m2 

      ω- Sunrise hour angle for the typical day 

 

Sunrise hour angle can be calculated using, [Nguyen et al 1996] 

 

 

 

The coefficients a, b, a0, a1, and a2 are 0.385, 0.348, 0.0317, 1.54 and -0.936 for Bahir 

Dar city respectively and have different value for different cities in Ethiopia. [Drake et al 

1996] Average values using equations (from 6-1 to 6-6) and the given parameters which 
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are latitude, daily sunshine hours and coefficients is shown in table 4. Detail result is 

shown in appendix 14.2. 

 

Table 4: Average solar irradiation calculated results 

 

 H Linear,  

W/m2 

H Quadratic, 

W/m2 

HNASA 

W/m2 

Average 252.25 250.12 249.81 

 

 

 

            

 

Figure 16: Comparison of solar radiation results 

 

Solar radiation results from linear regression formula align with solar radiation from 

NASA (figure 16). The result from quadratic regression formula deviates by increasing 

in March, April and June months and decreasing in July and August months. Therefore 

linear regression can be taken as a best solar radiation estimation method for Bahir Dar 

city.  
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From figure 16 the city has minimum irradiation in July and August and a maximum in 

March, April and May. It has an average monthly daily solar irradiation of 250 W/m2. 

Compared with an average value of Ethiopia which is 231.48W/m2 it gets a higher solar 

irradiation [Bekele et al 2009].  
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7 IDA ICE SOFTWARE AND BUILDING DESCRIPTION 

 

Cooling load is the amount of heat that must be removed from a building in order to 

meet the design conditions of temperature and humidity for comfortable zone 

[McQuiston et al 2005]. Cooling load estimation of the buildings is simulated using IDA 

ICE software. It can model a building with one or more rooms with existing heating and 

ventilation systems.  [Pavlovas, 2004] A room to be conditioned is called zone. It is a 

space to be conditioned and controlled by with one thermostat. The thermostat is used 

to sense the temperature of the room and should not be kept in very high or low 

temperature regions. This is done in order to take the average room temperature and as 

a result to keep it in a desirable and comfortable condition. A zone can be one or more 

rooms together that have uniform heat gain. [McQuiston et al 2005] Therefore one 

house in both cases (condominium and Impact real-estate) is taken as one zone and 

after simulation of the cooling load of one zone then, it is multiplied by the total number 

(of houses) in the building. 

 

Inputs for load simulation are climate data, property of material of construction, 

AutoCAD drawing of floor plan, orientation, and internal heat gain that include occupant 

and different appliance. Climate data for the software input is generated from 

METEONORM software by using the latitude, longitude, elevation and time zone as 

input parameter. It results in a one year hourly base data of air temperature (oC), 

relative humidity (%), wind speed (m/s) and direction, normal and diffused solar 

irradiation (W/m2) [Remund et al 2010].  

 

7.1 Building description 

 
Building envelop separate the indoor condition and the outdoor air. Heat transfer or 

energy exchange between the indoor and outdoor environment is dependent on the 

type and property of building envelope. To collect type and thickness of material of 

construction of these envelopes an interview is made with a construction manager of 
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Impact real-estate, as shown in appendix 14.4. Different building materials 

characteristics and property are taken from IDA ICE (appendices 14.3 and 14.5). 

Material of construction for condominium apartment and impact real-estate are more of 

similar except finishing parts such as wall paints and tile finishing floor that are only for 

Impact real-estate (appendix 14.4).  

 

7.1.1 Condominium Building Description  

 
In Ethiopia there is a scarcity of living houses, for this reason the Ethiopian Federal 

Democratic government builds a low cost houses called condominium in many cities of 

the country. In Bahir Dar city there are two sites, “Kidanmehret” and “Abay Mado” site. 

Depending on the number of rooms, the houses in one building are classified in to 

three: having two bed room, one bed room and studio. “Two bed rooms” from the name 

itself it has two bed rooms, a salon, kitchen and bath room. “One bed room” has the 

same number of rooms of utility rooms as “two bed room” but with only one bed room. 

The “studio” has only one living and bath room.  

A) B)  

 

Figure 17: A) Floor plan of “one bed room” zone and B) 3-D diagram from IDA ICE software 
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For this project the Abay Mado site is selected as a model case, for it is the only site 

that starts service. It is oriented towards south. In this site there are three buildings, 

each with ground plus four. In one floor there are five numbers of zones (houses) with a 

total of twenty five zones in one building. From the three types “one bed room” house is 

taken as a model zone for the simulation (figure 17). The model zone selected has a 

floor area of 27 m2 and a height of 2.6 m. It has a total of four windows and one 

entrance door.  

7.1.2 Impact real-estate building description 

 
Impact real-estate is a private limited company which builds luxury homes, appendix 

14.6. It is the first and at this times the only company in Bahir Dar. For this project a 

zone having 500 m2 surface areas is selected as a model zone with floor plan area of 

162 m2and 2.6 m height. As shown in figure 18 it has eight numbers of rooms (three 

bed rooms, two bath rooms, one guest bath room, one modern Kitchen, and one salon) 

and ten windows. There are a total of 25 such zones and are oriented to East wards. 

Until this project is done the houses are not giving service for the customer and they are 

under construction.  
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A) 
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B) 

Figure 18: A) Schematic diagram of 500 meter square floor plan; B) 3 D diagram from IDA ICE of impact 
real-Estate 

 

7.2 Internal Heat Gain  

 
Heat gain of a building can be divided in to sensible and latent.  Direct solar irradiation, 

solar transmission through fenestration, solar ventilation load through window and 

internal loads categorizes in the sensible loads. Latent load comes from heat content of 

moistures from equipments, occupants and air.  [T.s Ge et al 2010]  

In order to design or select solar cooling system the amount of cooling load must be 

calculated. There are different sources of cooling load in a conditioned room. These 

sources can be classified into four components; 

1. Heat transfer in the form of conduction through envelope (wall, roof, floor) 

2. Solar irradiation heat gain through window 

3. Heat convection through openings and leakages 

4. Internal heat gain 
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IDA ICE software simulates the heat transfer by conduction, convection and solar 

irradiation. In order to simulate the internal heat gain (from occupant, light and 

equipment) input parameters are required which are different for the two house cases. 

This Input parameter are number, working time and amount of heat emitted from 

equipments and lighting while for occupant’s number of people, clothing value, 

availability time and metabolic activity is needed.  

Conduction heat gain  

Due to temperature difference between inside and outside surface of building envelop 

will cause conduction heat transfer. This phenomenon will takes place in heat flow from 

high to low temperature. [Trott et al 1984] Depending on indoor and outdoor 

temperature difference conduction heat flow can be negative or positive. If temperature 

inside the conditioned room is higher than the outside atmosphere, heat flow will be 

from inside to outside and gets a negative sign because it decreases the cooling load 

the room.  

Solar irradiation through window 

Solar radiation can enter to the room directly through window and add heat to the 

cooling load. Or it can increase the cooling load through pane and frame of the window.  

Direct solar Irradiation that transmits through the window add sensible cooling load. It 

depends on orientation of the house, time of the day and type of window pane. When 

solar radiation hits a window some of the radiation will transmit, and some will be 

absorbed by the glass and the other will be reflected back depending on the window 

property. [TRANE, 2000] 

Infiltration and ventilation 

Air will transmit heat from inside to outside or vice versa through building opening and 

leakages. This is called infiltration and ventilation. These phenomena add both latent 

and sensible load to the conditioned room. It is dependent on mass flow rate, specific 

capacity, latent heat of vaporization, temperature and humidity difference of air entering 

and leaving space. [Hatamipour et al 2007]. 
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7.2.1 Estimation of Internal heat gain 

 
Internal load includes occupant, equipments and lights. For large buildings internal 

loads are the major source of cooling load. Depending on rated input power and number 

or quantity different internal sources contribute different loads to the space to be 

conditioned. Occupants have both sensible and latent loads whereas equipments and 

lights contribute only sensible heat load. [McQuiston et al 2005]   

 

To get information about the number of people and quantity and type of equipment 

interview was made for fifteen condominium house owners. The average collected data 

of the interview is shown in appendix 14.8. For the real-estate houses since the 

construction is not finished yet it was not possible to get direct information therefore an 

assumption is taken from high level standard house in Ethiopia (appendix 14.8)    

 

- Occupant 

 
Thermal comfort is affected by the type of cloth, work or activity level, operative 

temperature (mean air temperature), air movement and relative humidity of zone. In 

winter an operative temperature which ranges between 20 and 24oC and in summer 

between 23 and 26oC are required for thermal comfort condition, by assuming occupant 

dress 1.0 clo in winter and 0.5 clo in summer. [Hauser et al] Clo (1 clo=0.155 m2 oC/W) 

is a unit used for measuring occupant cloth, which is a resistance that reduce the heat 

transfer from the body. Its value ranges from 1.0 to 0.05 clo, for a person wearing 

business suit and a pair of short respectively. Mean air temperature is defined as the 

average room temperature which is usually taken as the average of ceiling temperature 

and ground temperature, and operative temperature is the average temperature of the 

room felt by occupant, which is assumed to be positioned at the center of the room. 

Relative humidity is the maximum humidity content in indoor air. The percent of 

thermally dissatisfied occupants can be predicted by an index called PPD (predicted 

percentage of dissatisfied), it shows percentage of people that are not satisfied by 

comparing comfort condition and actual living conditions. [EQUA, 2009]  
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Heat gains from occupants to conditioned zone depend on the number, availability hour, 

type of activity and type of cloth they wear. Activity level is expressed by metabolic 

activity.  It is defined as the rate at which the internal chemical energy is converted to 

thermal energy per unit body surface area and its unit is met (1 met=58.2 W/m2). An 

adult person has an approximate heat transfer area of 1.8 m2.  As an example a person 

sleeping has 0.7 met and for a person reading it is 1.0 met as shown in table 5.  

[McQuiston et al 2005] 

 

For both house cases the occupant’s activity is assumed to be similar, since both are 

residential houses.  Average availability time per day is 14 (appendix14.8) the activity of 

occupants is assumed to be six hour for sleeping, two hour for cooking, one hour for 

eating, one hour for house cleaning and the rest which is four hour for reading. From 

these values percentage of time can be estimate as shown in table 5. From the result 

(table 5) an occupant living in the house spent 43 percent of his time by sleeping, 14 

percent by cooking, 7 percent by eating and cleaning each and 0.01 percent by reading. 

Then multiplying met value and percent of time average met value for each activity will 

be obtained. Adding the average met value give the total metabolic value of 1.102 

met/person (115.445W/person), which is then used for further simulation in the software 

(table 5).  

 

Table 5: Metabolic activity at different activity level [EQUA, 2009] 

 

activity met Percent of time Met* percent of time 

sleep 0.7 0.43 0.301 

cooking 1.8 0.14 0.252 

eating 1 0.07 0.07 

House 

cleaning 

2.7 0.07 0.189 

reading 1.0 0.29 0.29 

    

                                                                                             total/person      1.102 met 

 



55 
 

- Lighting 

 

Radiation heat gain from lighting is absorbed by occupants and equipments. The 

number and working time of lighting for the two house case is (appendix 14.8). The bulb 

has an input power of 40 W, common type of bulb in Ethiopia.  The rate of heat gain 

from an electric light can be estimated using the following equation. [McQuiston et al 

2005] 

 

 

 

Where    Hlight: is heat gain in watt  

               W: is total installed light wattage, 40 watt is common in Ethiopia  

               Fu: ratio of working time (appendix 14.8) to 24 hour  

               Fs: special allowance factor which is 1.20 for general application 

               nbulb: total number of bulb in the house (appendix 14.8) 

 

- Miscellaneous equipments 

 

Miscellaneous equipment includes all appliances in the house. Heat gain from 

equipments can be estimated using the following equation [McQuiston et al 2005]; 

 

 

       

 Where:   H equipment: heat gain from equipments [watt] 

               0.5 indicates that 50 percent of the input power gives the maximum heat gain 

               qi: is equipment technical data [watt] (appendix 14.7). 

              twork: working hour of each equipment from (appendix 14.8) 

- Cooking  

People’s living standard in condominium is not high enough to use electrical appliances 

for cooking. Almost all of the peoples in condominium use kerosene for cooking. And 
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fuels that are used for cooking create both latent and sensible heat gain to indoor room. 

Therefore an additional equation is needed for heat gain from cooking.  

 

It can be estimated using the following equation [McQuiston et al 2005],  

 

 

                                                            

Where - q kerosene is energy obtained from kerosene used per day.  

-  Assume only radiant heat gain and ignore latent heat and convection heat 

through air and combustion products. 

-  Assume 10 liter of kerosene is used per month which is 0.33 lit per day. Latent 

heat of Kerosene is 35 MJ/L.  

This gives a total of 133.68 W of energy is used from Kerosene for cooking. Substituting 

this value in equation 7-7 gives 13.68 W of heat gain from cooking. 

 

Using 7-4, 7-5 and 7-6 equations and the necessary input data’s heat gain from 

occupants, lighting, and equipments estimated is shown appendix 14.8. 

The percentage of each internal heat gain sources for the two cases is shown in figure 

19.  It can be seen that occupant (45 percent) and equipment (46 percent) shares the 

largest in impact real-estate while occupant (79 percent) shares the highest in 

condominium. Internal heat gain of Impact real estate is three times higher than that of 

condominium. This is due to the higher income level of the society results in increase in 

demand for a better living standard. 
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Figure 19: Percentage value of internal heat gain of impact real-estate and condominium 
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8 RESULTS OF IDA ICE  

 
The simulation result includes heat removed (cooling load) in watt, dry bulb and 

operating temperature in degree centigrade, and percentage of dissatisfaction (PPD) for 

the single and total zone (table6). Cooling design results are simulated at the time of 

maximum cooling load, which is the maximum heat that must be removed from the 

conditioned room in order to satisfy the occupants. It is the capacity of cooling 

equipment device. Heat gain is the rate at which energy is generated within or transfer 

to a space. But only when the indoor air receives the energy by convection does this 

energy become cooling load. The radiant energy gain from different sources does not 

directly heat the indoor air but first it is absorbed by interior envelops and masses.  

 

From simulation result cooling equipment capacity should have a maximum of 5.53 kW 

for condominium (for 25 zones) and 5.73 kW (for 2 zones) for impact real estate (table 

6). Cooling load of impact real-estate is higher than condominium, mainly due to its high 

internal heat gain (refer chapter 7.2) and larger surface area of windows (refer chapter 

7.1). However the design main temperatures (table 6) of condominium are higher than 

impact real-estate. This result in high PPD (refer chapter 7.2) value for condominium 

(98.69 percent) than impact real-estate (93.96 percent). This is mainly due to heat gain 

per unit area of condominium is higher than Impact real-estate, even though there are 

relatively high internal heat gain sources in Impact real-estate (see chapter 7.2). For the 

same heat gain if large and small buildings are compared, keeping the other factors 

similar, heat gain per unit area of small building will be higher than the larger building. 

This results in a higher operative temperature for the smaller building.  

 

Table 6: Cooling design results of IDA ICE 
 

 Zone 

multiplier 

cooling 

load, W 

Mean air 

Temperature  
oC 

Operating 

temperature 

oC 

PPD, % 

Condominium 1 221 32.1 31.82 98.69 

25 5525    
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Impact real-

estate  

1 2863 31.21 30.7 93.96 

2 5726    

 

8.1 Main temperatures 

 
Main temperatures in IDA ICE software are indoor operative and mean air temperature 

.The average value for both houses is shown in table 7, monthly values can be seen in 

appendix 14.9 and figure 20.  Condominium gets its minimum main temperature in 

June, July and August and maximum in March and April. Impact Real-estate attains its 

minimum main temperature in January and August, and maximum in March, April and 

May. Average main temperature of condominium (28.7oC) is higher than impact real-

estate (27oC). This is mainly due to heat gain per unit area of condominium is higher 

than Impact real-estate.  

 
Table 7: Mean air and operative temperature of Condominium and impact real-estate 
 

  Condominium Impact real-estate 

 
Mean Air 

Temperature, 

oC  

Operative 

Temperature, 

oC    

Mean Air 

Temperature, 

oC   

Operative 

Temperature, 

oC   

Average  28.7 28.5 27.2 27 
 

 

 



60 
 

 

Figure 20: Mean air and operative temperature of Condominium and impact real-estate 

 
As can be seen in figure 21 both houses operative temperatures are minimum in winter 

and maximum in summer season (refer chapter 6). Ambient air temperature and indoor 

operative temperature decrease and increase in the same manner, minimum 

temperature will be attained in July and August and maximum in March, April and May.  

 

 

 

Figure 21: Dry bulb ambient temperature and operative temperature of condominium and impact real-
estate 
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Temperature profile for one day, for example May 13 is shown in figure 22. In this 

month both houses get similar average indoor temperature (appendix 14.9). The indoor 

temperature gets maximum operative temperature at dusk and minimum at dawn. This 

is due to the time gap for heat transfer from external to internal surface building 

envelop.   Building external envelope attains maximum solar irradiation at noon but due 

to the time gap indoor air temperature rises at dusk (approximately after 6 hour). After 

the maximum indoor temperature is attained it is continuously decreasing until 1 o’clock, 

because the amount of heat gain (mainly solar irradiation) is less than the amount of 

heat loss which is through heat transmission (appendix 14.12 and 14.13). Then starting 

from sunrise (dawn) it continuously increases to reach the maximum value. 

 

Figure 22: Operative and mean air temperature of impact and condominium on May 13 

 
  

When the average main temperature results (appendix 14.9) are compared to the 

comfort condition (chapter 7.2), almost in all months both houses are not in a 

comfortable condition so that cooling system is required. Only in November, December, 

January months the operative temperatures of Impact real-state houses are 26, 25.2 
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and 24.8oC respectively and shows that occupants are in a comfortable zone and no 

cooling or heating system is required. 

8.2 Heat Gain  

 

The heat gain simulation results are in the form of sensible energy (kWh) and total heat 

balance (W). The total heat balance includes both latent and sensible heat gain.  

 

8.2.1 Sensible Energy 

 
Sensible energy results are shown in figure 23 and 24 detail monthly data is shown in 

appendix 14.10 and 14.11. Sensible energy transfers to and from the building by 

conduction, convection and radiation (refer chapter 7.2). Envelope and thermal bridges 

includes sensible heat gain through wall, roof, floor and bridges that connect different 

parts of the envelope. In both cases the result is negative in which it reduces the cooling 

load. Detail envelope transmission is shown in appendix 14.12 and 14.3.  

 

External window and solar (figure 23 and 24) indicates heat gain from direct solar 

irradiation and transmission through window glass and surface.  The result is positive in 

both cases and it increases the cooling load. Minimum values are attained in winter 

season. Heat gain from window and solar of Impact real-estate is higher than 

condominium. This is due to higher number of window in impact real-estate that allows 

direct solar irradiation.  

 

The heat transfer by infiltration and openings (refer chapter 7.2) also is from inside to 

outside of the room. This is due to lower ambient air temperature than the operative 

temperature, so that the air entering will remove heat from the room. 

  

Sensible heat gain from equipment and lighting (figure 23 and 24) is constant and 

positive as a result increases the cooling load. The total heat gain from occupant is 
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constant and positive, that will increase the cooling load.  But sensible heat gain from 

occupant is higher in winter than in summer. Condominium attains maximum sensible 

occupant heat gain in July and August and minimum in March and April. Similarly 

impact real-estate gets its minimum in April and maximum in August. At higher summer 

temperature latent heat gain from occupant will increase due to sweating, and to keep 

total occupant heat gain constant, sensible heat gain will decrease in this season. Since 

most of the season is summer (refer chapter 6), latent heat gain will dominate the total 

heat gain from occupant.  

 

 

 
Figure 23: Diagram energy output of condominium for one zone (sensible only), kWh 
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Figure 24: Diagram Energy output of impact real-estate for one zone (sensible only), kWh 

 

8.2.2 Total heat balance  

 
Monthly average total heat balance is shown in appendix 14.14 and 14.15. Average 

values of heat balance (table 8 and figure 25) shows that heat gain through envelop, 

window and thermal bridges reduce building heat gain and become heat loss whereas 

direct solar, equipment, occupant and lighting add cooling load. The average total heat 

gain of condominium is 174 W while for impact real-estate is 266.6 W per zone (table 

8). These result a total heat gain for the whole building approximately equal to 4350 W 

(25 zones) and 533 W (2 zones) respectively. For both houses direct solar irradiation is 
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the maximum heat gain with an average value of 434 W for condominium and 1471 W 

for impact real-estate.  Heat loss through walls and floors shares the maximum heat 

loss from both houses.  

 

Condominium attains minimum heat gain In July and August (117 W and 121 W 

respectively) while Impact real-estate minimum heat gain is in January and August (193 

W and 195 W respectively) (refer appendix 14.14 and 14.15). Both houses attain 

maximum heat gain in April 397.7 W for impact real-estate and 216.7 W for 

condominium. The reason is the maximum heat gain sources is solar irradiation that 

increases in summer seasons and decreases in winter.  

 

Table8: Average values of total heat balance variables for condominium and impact real-estate 

  
thermal 
bridges 

walls 
and 
floors 

direct 
solar equipment 

 
windows 
opening
s 

lighting
,  

occupan
ts    air flows 

Total 
heat 
balance,  

Condominiu
m -37 -445.6 433.8 76.8 -191 46.3 292.2 -1.5 174 

Impact real-
estate -137.2 

-
1897.

3 1471.5 837 -689.3 162.1 538.2 -18.4 266.6 
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Figure 25: total heat balance of Condominium and Impact real-estate 

 
 

Major latent heat gain source is from occupant for both houses, figure 26. Monthly 

average latent heat gain can be seen in appendix 14.6. Occupant latent heat gain is 

positive and add cooling load while from air flow is negative and reduces cooling load. 

Occupant latent heat gain is dependent on the season. In summer season at higher 

operative temperature, sweating will occur. This condensation will be taken by air 

through convection and is counted in the room as cooling load (refer subchapter 7.2). 

As a result the highest latent heat gain is occurred in April and lowest in August, in 

reveres to sensible heat gain. 
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Figure 26: Latent heat gain for condominium and impact real-estate 
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9 SOLAR COOLING SELECTION  

 
Cooling load of residential buildings (3-10 kW) is very small as compared to capacity of 

market available solar cooling technologies (above 100 kW). Nowadays these 

capacities are becoming available in the market (refer chapter 5). There are different 

criteria’s that must be considered when selecting a technology.  

 

Solar absorption chiller is most commonly and widely used technology, specifically 

using water/LiBr as a working fluid. However this system requires a high regeneration 

temperature (greater than 88oC) that can be achieved usually by using evacuated tube 

collector. This solar thermal collector is difficult to integrate with building. If flat plate 

collector is used COP of the system will drop to 0.4 and chilled water production for 

dehumidifying process will not be reached (which are 6 to 12oC). Other problem 

regarding this system is corrosion which comes from LiBr salt solution, this results in a 

continuous daily maintenance compared with adsorption chiller (refer chapter 4.3.2).  

 

Silica gel/ water adsorption chiller, which can be easily found works at lower 

temperature (45 to 95oC hot water). This is an advantage that will allow the system to 

use flat plate collectors and can be integrated with the building envelope. Also this 

system can produce chilled water as low as 9oC for a regeneration temperature of 75oC; 

this will be used by a cooling coil for dehumidification process. Compared to absorption 

chiller this system has no moving parts which is very vital for residential areas. In 

addition there is no corrosion and crystallization which decreases the shutdown time 

needed and cost for maintenance. However the system is expensive when compared to 

absorption chiller because of its low cooling density problem, caused by low thermal 

conductivity of silica gel, more adsorbent bed needed for a continuous operation. And 

also at the same condition its COP is lower than absorption chiller though its 

regeneration temperature is lower (refer chapter 4.3.2).  

 

Desiccant solar cooling technology gives the best air quality of all.  It reduces both the 

temperature and humidity of supply air to the conditioned room. Solid desiccant is 

available in the market than the liquid desiccant. These systems are easy to maintain 
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and give high COP at a regeneration hot air temperature of 50 to 80oC. This is the most 

promising solar cooling technology for future if it’s compact and easily integrated with 

buildings in which it becomes less expensive (refer chapter 4.3.3).  

  

As a result in this project an adsorption chiller with working fluids of silica gel/water is 

selected for the two houses. For impact real estate, two zones share one solar 

adsorption chiller and for condominium the cooling load is very small for one zone, so 

that the entire building (25 zones) can share one solar adsorption chiller.  

 

An exact equal adsorption chiller with simulated cooling load is not available in the 

market. The smallest market available adsorption chillers are 5.5 kW and 7.0 kW that 

are manufactured by SolarNext Company of Germany. These chillers will work below 

their designed capacity but are unable to work above their limit. Therefore a capacity 

with 7.0 kW is selected. These 7 kW adsorption chiller with a brand name of chillill® 

cooling kits ISC 7 is manufactured in a form of kits. Cooling kits contains solar thermal 

collector, hot water storage, pump-set, chiller, re-cooler, and partially cold water storage 

and system control (refer appendix 14.17).   

 

Depending on the regeneration temperature (45 to 75oC) produced by flat plate collector 

a cooling capacity that ranges between 2 and 6 kW is obtained and chilled water at 15 

oC temperatures are supplied to fan coils.  

 

The price of a solar kit was between 5,000 to 8,000 Eur/kW in year 2007 and decreases 

to 4000 to 4500 Eur/kW in 2008 year and reaches to 3500 -4500 Eur/kW in year 2009. 

And now it is expected to 3,000 Eur/ kW or less than this (appendix 14.17). For small 

scale solar sorption system the specific collector area needed usually ranges between 

3.5 - 4.5 m2/kW, and an average 4 m2/kW is used [T.Tsoutsos et al 2003] 
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10 HOMER OPTIMIZATION 

 
HOMER is software that makes selection of different technologies easier. It optimizes 

resource availability, demand and cost of different systems. The optimization result is 

based on cost, the most feasible configuration have the lowest net present cost (NPC). 

NPC includes all capital, maintenance, working and replacement cost. Using this 

software it is possible to optimize technologies depending on the net present cost 

(NPC). As an input parameter it requires the hourly load profile, cost and hourly energy 

resource. Then it simulates whether the demand (cooling load) is balanced by the 

resource (solar energy) are balanced. After simulation the results will be put in diagrams 

and table form so that it will be easy to compare and select a technology with a least net 

present cost. [HOMER] 

 

Energy resources such as biomass, wind, solar and kerosene and different system 

components used by theses resources can be simulated using the software. However, 

only solar PV technologies can be simulated by the software, it cannot simulate solar 

thermal technology. Therefore a simple approximation is done to simulate the total NPC 

by inserting input data, shown in table 9. To do so an assumption is taken that the solar 

irradiation (resource availability) is high enough to run the cooling system. Therefore in 

place of biomass input data of selected solar adsorption is used in the software, figure 

27. The amount of biomass needed is assumed to be zero since the solar radiation has 

no working cost, it is a free gift.  Operating cost includes electricity for pumps, interest if 

purchasing is by borrowing and others.   
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Table 9: Input parameters for solar based adsorption in HOMER software [Jakob et al 2008, T.Tsoutsos 
et al 2003, SolarNext] 

Variables price 

Total kits cost 28140$ 

Maintenance cost 34.07$ (0.1% of investment cost) 

Operating cost 170.2 $/year 

Life time 15 year 

Installation cost 3376.8$ (12 % of equipment cost) 

 

 

 
Figure 27: Homer simulation diagram for solar based adsorption chiller 

 

The Results show that total net present cost of the approximated solar thermal 

adsorption system is 34,581$. To compare with kerosene based adsorption chiller, the 

solar collector is   replaced by kerosene fuel boiler (table 10 and appendix 14.18). The 

installation cost in percent (12 % of equipment cost) and project life time are assumed 

to be equal to solar based adsorption chiller. The simulation results a net present cost of 

105,247$. 
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Table 10: Input parameters for kerosene based adsorption in HOMER software [T.Tsoutsos et al 2003, 
WFB] 

 
Variables price 

Equipment cost 23064.08$ 

Maintenance cost 1159.76$ (4% of investment cost) 

Life time 15 year 

Installation cost 2767.69$ (12 % of equipment cost) 

 

 

 

 

 
Figure 28: HOMER simulation diagram of kerosene based adsorption chiller 

 
 

From the simulation kerosene based NPC is higher than the solar based adsorption 

system mainly due to the higher working cost of kerosene. Therefore the solar based 

system is feasible than kerosene based cooling system.  
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11 CONCLUSION  

 
To select a cooling system, investigation of the potential of resource availability for the 

area must be done. Since the country is located in tropical zone, Bahir Dar gets quite 

enough solar irradiation, about 250W/m2. It has minimum irradiation in July and August 

(local winter seasons) and a maximum in March, April and May (local summer 

seasons).  

 

Houses of Impact Real-estate Villa are bigger in size than the condominium houses.  As 

a result, the total heat gain per zone of the Impact Real-state villa house is around 267 

W where as this value for condominium house is 174 W.  For both houses direct solar 

irradiation shares the highest source of heat gain while building envelope shares the 

highest heat loss. At an operating temperature of 30.7oC and 31.8oC, IDA ICE 

simulation gave design cooling loads of 5.53 kW and 5.73 kW for 25 zones of 

condominium and for 2 zones of Impact Real-state Villa respectively.  

 

A single effect water/NH3 vapour absorption chiller with a regeneration temperature of 

80 to 120oC has a COP value in the range of 0.3 to 0.7. A LiBr/water absorption chiller 

usually works with a heat source temperature beyond 88oC and has COP value of about 

0.6. These systems operate using evacuated tube solar collector to have better 

performance.  Though its COP is low, about 0.3, Silica gel/water adsorption chiller can 

operate at regeneration temperature as low as 45oC. This temperature can easily be 

achieved using a simple flat plate solar collector and also it will enable the chillier to 

work more than eight hour in a day. Zeolite/water pair needs a regenerating 

temperature of above 200oC and activated carbon/ammonia pair needs around 150oC. 

These temperatures cannot be achieved from flat plate or evacuated type collectors. 

Thus, silica gel/water adsorption chiller having a capacity of 7 kW is proposed both 

houses.  

 

An economic comparison was made between the solar energy driven system and 

kerosene energy driven Silca-gel/water adsorption chiller using HOMER software. The 

simulation result showed that the total net present cost of solar adsorption chiller is 
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34,581$ whereas, the kerosene, adsorption chiller has 105,247$ total net present cost. 

This is mainly due to higher working cost of kerosene. This shows that solar based 

system is feasible.  
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12 RECOMMENDATION AND FUTURE WORK  

 

 Solar irradiation through windows and openings is the highest heat gain in the 

system. Hence, it is recommended if roof overhang or other direct sunlight 

blocking system is integrated in the building.   

 Orientation of condominium building is towards south which is disadvantage for 

hot climate like Bahir Dar. Therefore, it will be better if most of the windows are 

oriented toward the north. 

 The ambient temperature is less than the indoor operative temperature so that 

passive technology such as solar chimney that ventilates the room can be 

considered and further investigation should be taken.  

 Future work can be done on design of solar cooling system that considers 

simulation of the whole solar cooling system with the building. 

 In addition to solar potential resource Ethiopia also has a biomass potential so it 

is recommended further investigation on this resource. 

 HOMER optimization was limited only on economic part of solar thermal system 

therefore to evaluate the other parameters finding other software is 

recommended.  
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14 APPENDIX 

14.1 Monthly average temperature and relative humidity of Bahir 
Dar city 

 

Month Temperature ,oC 
Relative Humidity, 
% 

Jan  18.39 58.03 

Feb 19.93 47.4 

Mar 22.14 45.98 

Apr 23.31 47.38 

May 22.47 60.39 

Jun 19.98 74.82 

Jul 18.65 80.45 

Aug 18.49 81.6 

Sep 19.18 78.17 

Oct 19.78 69.74 

Nov 19.43 61.84 

Dec 19.04 58.14 

 

14.2 Results of Solar Irradiation Estimation  

 

month n δ Nd Ω Ho H Linear,  

W/m2 

H Quadratic, 

W/m2 

NASA 

W/m2 

Jan 9.6 -20.847 11.421 85.657 363.043 245.1938 240.083322 258.354 

Feb 9.9 -13.325 11.639 87.299 393.244 266.6421 260.690292 272.1051 

Mar 9.3 -2.389 11.936 89.524 423.808 277.7847 280.356471 271.6884 

Apr 9.0 9.493 12.254 91.907 439.241 281.4207 288.537477 278.7723 

May 8.4 18.81 12.517 93.883 437.916 271.1617 281.707396 263.3544 

June 6.9 23.077 12.647 94.858 432.831 249.2055 256.717289 237.9357 

Jul 4.6 21.10 12.586 94.400 433.573 222.3913 203.432853 215.0172 

Aug 4.4 13.30 12.359 92.695 435.928 221.9813 200.840399 215.8506 

Sep 6.5 1.99 12.053 90.397 426.823 244.2892 251.23959 242.1027 

Oct 8.6 -9.85 11.736 88.020 400.454 255.8188 262.369453 244.1862 

Nov 9.6 -19.05 11.475 86.062 368.566 248.4749 243.849078 250.4367 
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Dec 10.0 -23.09 11.351 85.138 351.99 242.594 231.654389 247.9365 

                                                                         

Average 252.25 250.12 249.81 

 
 

 
 
 
 

14.3 Property of Construction Materials [EQUA, 2009] 

 

 Thermal conductivity 

       W/mK 

Density 

Kg/m3 

Specific heat 

   J/kgK 

concrete 1.7 2300 880 

L/w 

concrete 

0.15 500 1050 

Render 0.8 1800 790 

Gypsum 0.22 970 1090 

Floor 

coating 

0.18 1100 920 
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14.4 Material of Construction and Thickness of Building Interview 

 

  Material of construction(from 
top to bottom layer)/wall 
inside/outside 

Thickness (m) 

External Wall  Paint medium 

Render 0.0125 

Hollow Concrete Block 0.175 

Render 0.0125 

Gypsum 0.025 

Internal Wall Paint medium 

 Gypsum 0.025 

 Hollow Concrete Block 0.15 

 Render 0.025 

Gypsum 0.025 

 Paint medium 

Internal Floor(Tile 
Finishing) 

Floor Coating 0.025 

 L/W Concrete 0.1 

 Concrete 0.025 

Roof Gypsum 0.708 

External Floor Tile Finishing 0.025 

L/W Concrete 0.1 

Ribbed Slab Concrete 0.025 

Window 1 Pane  Clear Glazing 0.04 

 

 

14.5 Characteristics of Building Envelop [EQUA, 2009] 

 

  Thickness       

[mm] 

U_ value 

External wall 312.5 0.6629 

Internal wall 146 0.6187 

Window 1 pane glazing 5.8 

Floor 125 1.025 

Roof  708 0.172 
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14.6 Picture of Impact real-estate villa 

 
          

14.7 Equipment Technical Data   

 

Equipments Input power, W 

 Television set 130 

 Radio/Tape 14 

 Refrigeration 80 

 Stove 825 
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 micro oven  1500 

 Laundry machine 4500 

 Desktop computer 115 

 

14.8 Number, Availability, Working Time and Internal Heat Gain of Impact 
Real-Estate and Condominium 

 
 

  
Impact Real-
Estate   Condominium   

  Numb
er 

Availabili
ty 
(Working
) Time      
hr/day 

Heat 
Gain 
(W) 

Num
ber 

Availabil
ity 
(Workin
g) Time      
hr/day 

Heat 
Gain 
(W) 

OCCUPANT 7 14 808.12 4 14 461.78 

LIGHTING       

   Bulb 14 6 168 4 6 48 

EQUIPMENTS       

 Television 

Set 

1 8 21.67 1 8 21.67 

 Radio/Tape 1 8 4.67 1 8 1.49 

 Refrigeratio

n 

1 24 40 1 24 40 

 Stove 1 4 68.75 
- - - 

 Micro-Oven  1 4 125 
- - - 

 Laundry 

Machine 

1 6hr/Wee
k 

562.5 

- - - 

 Desktop 

Computer 

1 6 14.37 

- - - 

TOTAL INTERNAL  HEAT GAIN 1813.0
8     572.94 
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14.9 IDA Result of Average Monthly Main Temperature of Condominium and 
Impact Real-Estate 

 

  

month 
Mean air 

temperature, Deg-C 
(Condominium) 

Operative 
temperature, Deg-C 

(Condominium)   

Mean air temperature, 
Deg-C (Bahir Dar 

Impact Real Estate)  

Operative 
temperature, 
Deg-C (Bahir 

Dar Impact Real 
Estate)  

January  28.8  28.6  25.1  24.8  
February  29.5  29.4  26.9  26.7  

March  30.6  30.5  29.8  29.6  
April  30.6  30.4  31.0  30.9  
May  29.4  29.2  30.0  29.9  
June  27.7  27.4  27.8  27.7  
July  26.5  26.2  25.8  25.7  

August  26.3  26.1  25.2  25.0  
September  27.8  27.6  26.3  26.2  

October  29.0  28.8  26.8  26.6  
November  29.3  29.2  26.2  26.0  
December  29.4  29.2  25.4  25.2  

mean  28.7  28.5  27.2  27.0  

 
 

14.10 Energy Output of Condominium For One Zone (Sensible Only), 
(Kwh) 

 

Mo
nth  

Envelop
e & 

Thermal 
bridges  

Internal 
Walls and 
Masses  

External 
Window 
& Solar  

Hea
t 

gain 
from 
sola

r  

Infiltra-
tion & 

Opening
s  

Occ
u-

pant
s  

Equip
ment  

Lightin
g  

Total 
sensibl
e 
energy  

            

1  -492.6  -0.2  312.1  501.
8 

-0.1  95.3  57.2  34.6  6.3 

2  -395.3  -0.1  245.5  406.
7 

-0.1  74.0  51.6  31.1  6.7 

3  -361.6  -0.1  215.9  375.
4 

-0.3  61.2  57.2  34.3  6.6 
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4  -277.2  -0.0  135.0  267.
6 

-0.2  59.7  55.3  33.2  5.8 

5  -250.3  -0.0  81.0  210.
1 

-0.2  82.6  57.2  34.5  4.8 

6  -240.7  0.0  47.6  187.
1 

-0.1  106.
6  

55.3  33.3  2 

7  -271.3  -0.0  51.1  194.
4 

-0.1  131.
6  

57.2  34.5  3 

8  -290.9  -0.0  69.6  212.
2 

-0.2  134.
0  

57.2  34.4  4.1 

9  -329.4  -0.1  141.1  294.
5 

-0.1  106.
5  

55.3  33.4  6.7 

10  -399.3  -0.1  225.1  395.
1 

-0.1  91.3  57.2  34.6  8.7 

11  -435.8  -0.1  273.7  449.
6 

-0.1  82.2  55.3  33.2  8.4 

12  -482.9  -0.1  318.0  506.
9 

-0.1  84.4  57.2  34.3  10.8 

Tot
al  

-4227.3  -0.7  2115.7  400
1.4 

-1.8  110
9.2  

673.1  405.5  73.7 

 
 

14.11 Energy output of Impact Real Estate for one zone (sensible only), 
(kWh) 

 

Month 

Envelope 
& 
Thermal 
bridges 

Internal 
Walls 
and 
Masses 

External 
Window 
& Solar 

Mech. 
supply 
air 

Infiltra-
tion & 
Openings 

Occu-
pants 

Equip-
ment Lighting 

Total 
heat 
balan
ce 

    

 

 

 

 

 

 

 

 

 

 

 

   

1 -1734 -1.2 726.9 0 -0.6 279.7 622.7 120.7 14.2 

2 -1536 -1.1 676.4 0 -1.3 208.3 562.5 108.8 17.6 

3 -1570 -1.2 710.2 0 -3.8 147.7 622.7 120.3 25.9 

4 -1361 -0.9 569.8 0 -2.9 101.5 602.6 116.7 25.8 

5 -1321 -0.7 474.6 0 -2.4 132.2 622.7 121 26.4 

6 -1272 -0.2 379.9 0 -1.7 191.8 602.6 116.6 17 

7 -1343 -0.3 369.4 0 -1.8 250.6 622.7 120.6 18.2 

8 -1380 -0.3 388.9 0 -2.4 268.5 622.7 120.7 18.1 

9 -1452 -0.7 528.4 0 -1.4 232.9 602.6 116.6 26.4 

10 -1607 -0.7 659.6 0 -0.9 233.7 622.7 120.9 28.3 

11 -1588 -0.5 653.4 0 -1.2 241.3 602.6 117 24.6 

12 -1649 -0.5 667.6 0 -0.7 264.3 622.7 120.3 24.7 
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Total -17813 -8.2 6805.1 0 -21.1 2552.5 7331.8 1420.2 267.3 
 

14.12  Envelope transmission for condominium, kWh 

 

Month  Walls  Roof  Floor  Windows  Thermal bridges  

        
1  -210.0  -112.7  -136.9  -189.7  -33.0  
2  -164.2  -74.9  -128.5  -161.2  -27.8  
3  -142.6  -38.1  -153.8  -159.5  -27.1  
4  -107.0  -4.2  -143.6  -132.6  -22.4  
5  -105.2  4.4  -127.6  -129.1  -21.9  
6  -119.0  0.7  -98.4  -139.5  -23.9  
7  -141.2  -19.9  -85.4  -143.3  -24.8  
8  -146.3  -33.9  -86.0  -142.6  -24.7  
9  -154.7  -40.2  -107.9  -153.4  -26.6  

10  -172.8  -65.9  -131.3  -170.0  -29.3  
11  -180.6  -91.1  -133.8  -175.9  -30.4  
12  -196.6  -112.7  -140.9  -188.9  -32.7  

Total  -1840.2  -588.3  -1474.2  -1885.7  -324.4  
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14.13 Envelope transmission of Impact real-estate for one zone    
(kWh) 

 

Month Walls Roof Floor Windows 
Thermal 
bridges 

            

1 -376.6 -995.5 -265.9 -523.1 -95.8 

2 -444.1 -727.3 -271.7 -511.8 -92.5 

3 -598.9 -567.8 -294.6 -620 -109.1 

4 -656.8 -319.8 -278.2 -611.9 -106.1 

5 -696.5 -316.9 -200.9 -616.5 -107.3 

6 -693 -407.4 -63.2 -620.2 -108.7 

7 -681.6 -431.7 -126.8 -576.4 -102.6 

8 -625.5 -480.1 -179.1 -535.6 -95.7 

9 -592.4 -532.8 -227.9 -559.9 -99.4 

10 -515.4 -776.7 -213.9 -569.6 -100.9 

11 -367.5 -983.4 -144.5 -522.8 -92.9 

12 -302.9 -1091 -163.6 -510.3 -91 

Total 
-

6551.2 
-

7630.4 
-

2430.3 -6778.1 -1202 
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14.14 Total Heat balance of Impact real-estate 

month 

Heat 
from 
thermal 
bridges 

Heat from 
walls and 
floors 
(structure), 
W 

Heat 
from 
daylight 
(direct 
solar), 
W 

Heat from 
equipment, 
W 

Heat 
from 
windows 
(including 
absorbed 
solar) 
and 
openings, 
W 

Heat 
from 
lighting, 
W 

Heat from 
occupants 
(incl. 
latent), W 

Heat 
from 
air 
flows 

total 
heat 
gain, 
W 

January -128.7 -2203.2 1593.2 837 -609.1 162.3 549 -7.6 192.9 

February -137.6 -2149.3 1677.8 837 -665.2 161.9 538.8 -18.8 244.6 

March -146.7 -1968.1 1699.7 837 -737.3 161.9 531 -40.6 336.9 

April -147.3 -1743.6 1558.2 837 -762.1 162.1 532.2 -38.8 397.7 

May -144.1 -1632.9 1392.2 837 -749.6 162.6 548 -23.8 389.4 

June -151 -1615.7 1318.7 837 -786.8 162 533.1 -14.7 282.6 

July -138 -1667 1206.6 837 -706.1 162.1 537.7 -13.8 218.5 

August -128.6 -1727.2 1179.6 837 -652.5 162.2 543.3 -19 194.8 

September -138 -1880.3 1435 837 -696.4 162 533 -11.3 241 

October -135.6 -2023.8 1565.9 837 -676.5 162.3 546.8 -8.7 267.4 

November -129.1 -2077.8 1549.4 837 -635.5 162.5 533.5 -14.9 225.1 

December -122.3 -2094.4 1500.6 837 -596.1 161.7 531.5 -8.7 209.3 

mean -137.2 -1897.3 1471.5 837 -689.3 162.1 538.2 -18.4 266.6 
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14.15 Total Heat balance of condominium 

month 

Heat 
from 
thermal 
bridges 

Heat from 
walls and 
floors 
(structure), 
W 

Heat 
from 
daylight 
(direct 
solar), 
W 

Heat 
from 
equipme
nt, W 

Heat from 
windows 
(including 
absorbed 
solar) and 
openings, 
W 

Heat 
from 
lighti
ng, 
W 

Heat 
from 
occupan
ts (incl. 
latent), 
W 

Heat 
from 
air 
flows 

Total heat 
balance, 
W 

January -44.3 -618.1 640.8 76.8 -219.7 46.5 295.5 -0.8 176.7 

February -40.9 -548.9 575.1 76.8 -205.6 46.3 291.1 -1.7 192.2 

March -36.3 -442.2 471.4 76.8 -187.8 46.2 289.1 -3.9 213.3 

April -31.2 -353.2 352.4 76.8 -165.2 46.1 293.3 -2.3 216.7 

May -29.6 -303.9 265.9 76.8 -159.3 46.3 292.5 -1.7 187 

June -32.9 -304.7 247.1 76.8 -177.2 46.3 290.8 -1 145.2 

July -33.4 -333.1 247.8 76.8 -178.4 46.4 296.5 -1.1 121.5 

August -33.5 -355.6 271.2 76.8 -177.5 46.2 290.6 -1.4 116.8 

September -36.9 -426.7 395.9 76.8 -191 46.4 290.8 -0.9 154.4 

October -39.4 -496.7 504.2 76.8 -200.8 46.5 295.7 -0.8 185.5 

November -42.3 -566.5 597.2 76.8 -211.8 46 289.8 -1.4 187.8 

December -44 -605.5 647.4 76.8 -218.5 46.2 290.5 -1 191.9 

mean -37 -445.6 433.8 76.8 -191 46.3 292.2 -1.5 174 
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14.16 Latent heat gain from occupant and infiltration for both 
houses 

 

  latent heat gain  

  occupant  infiltration total  

 month impact condominium impact condominium impact condominium 

January 173 167.5 -6.8 -0.7 166.2 166.8 

February 228.9 182 -16.9 -1.5 212 180.5 

March 332.7 206.5 -35.7 -3.4 297 203.1 

April 391.1 209.8 -34.5 -2.1 356.6 207.7 

May 370.4 181.9 -20.6 -1.5 349.8 180.4 

June 267 141.3 -12.4 -0.8 254.6 140.5 

July 201 117.3 -11.3 -0.9 189.7 116.4 

August 182.4 112.5 -15.8 -1.2 166.6 111.3 
Septembe
r 209.4 143.8 -9.4 -0.7 200 143.1 

October 232.5 173.8 -7.5 -0.7 225 173.1 

November 198.3 175.4 -13.2 -1.2 185.1 174.2 

December 176.3 176.8 -7.8 -0.9 168.5 175.9 
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14.17 SolarNext [SolarNext] 
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14.18 Warmflow B-SERIES Boilerhouse Condensing Oil Boiler 
B70HE (WFB) 
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