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Optimise a solar thermal cooling system
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Genopt software for refrigeration demand in
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Abstract
This study presents an optimisation simulation-based approach for the ideal solar absorption cooling system design, including
a thermal storage tank and a solar thermal collector. The strategy aims to reduce the costs of solar chilling systems by
determining the optimal collector area and storage capacity while minimising electricity consumption to operate system. A
hybrid approach is used to achieve the optimal configuration by combining dynamic simulation with TRNSYS and an op-
timisation algorithm using Gen-Opt. The system’s life cycle cost, over 20 years, serves as the optimisation goal. The study
examines the effects of three economic factors: solar collector area, storage capacity, and electricity prices, on the design. The
outcomes are analysed from technical and economic perspectives across various African locations. Additionally, techno-
economic optimisation was conducted to identify the best set of system design parameters. The findings illustrate how
electricity prices and climatic conditions influence the techno-economic feasibility of the system. Alkufra demonstrates and
achieves the best techno-economic performance due to its high solar radiation and lower reliance on auxiliary power, which
reduces electricity costs throughout the system’s lifetime. Cairo achieves a fairly reasonable performance, providing sat-
isfactory economic viability compared to Lagos or Accra, due to sun availability and electricity costs.
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Introduction

Electricity consumption around the world is increasing dra-
matically due to high living standards, the use of appliances,
and the need to meet people’s demands. Cooling systems are
more commonly used in urban areas, consuming nearly 40%
of the total supplied electricity. The demand for cooling is
currently being met by fossil fuels. However, the negative
impact of burning fossil fuels on the atmosphere and the
potential risk of shortages have prompted us to seek alternative
energy resources. Renewable energy sources, such as solar
energy for producing thermal energy, could reduce the reliance
on fossil fuels for electricity consumption. Therefore, the
transition toward renewable energy for cooling applications is
both an environmental necessity and a strategic energy pri-
ority. Thermal solar energy can power an absorption chiller to
satisfy cooling demand.

The global demand for energy to meet cooling needs is
projected to rise dramatically by 2050, particularly in de-
veloping regions. As shown in Figure 1, energy use for
cooling in Asia is expected to nearly double, reaching around
14,000 TWh, while significant increases are also anticipated in
the Middle East, Africa, and Latin America. This growing
demand reflects population growth, urbanisation, and rising
living standards in hot climates. Figure 2 further illustrates that

by 2050, energy consumption will be dominated by air-
conditioning and freezing applications, especially in Latin
America and the Middle East. These trends highlight the
urgent need for energy-efficient and renewable-based cooling
technologies to mitigate future electricity demand and reduce
associated environmental impacts.

In Africa, the demand for refrigeration and air-conditioning
is projected to grow significantly due to population increase,
urbanisation, and agricultural storage requirements. According
to the International Energy Agency (IEA), electricity demand
for space cooling is expected to triple by 2050, with the fastest
growth occurring in hot-climate regions such as North and
Sub-Saharan Africa. At present, fossil fuels dominate the
energy mix in most African countries, with renewables
contributing less than 20% on average. However, solar energy
offers enormous potential: the continent receives some of the
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highest solar irradiation levels worldwide, exceeding 2000
kWh/m2 annually in regions such as Libya and Egypt. In-
corporating solar energy into cooling systems can therefore
reduce both electricity costs and environmental impacts.

Simulation tools are widely used to analyse or optimise the
performance of cooling system parameters. They enable de-
signers to modify and run simulations multiple times to assess
the impact of each variable. To address issues more easily, this
type of software can automatically run simulation-based op-
timisations for cooling systems, utilising exploration tech-
niques that require minimal time and effort.1,2

Peprah et al.1,2 proposed an optimal cooling schedule using
a simulated annealing-based approach, while Hao et al.1,2

developed a machine-learning-enhanced design optimiser for
urban cooling. Their work highlights how integrated opti-
misation and simulation methods can improve cooling system
design performance and reduce computational effort.

Wetter3 developed the GenOpt optimisation tool, ca-
pable of minimising cost functions generated by simulation
software. It is particularly useful when the cost function is
mathematically expensive or difficult to express analyti-
cally. One advantage of GenOpt is that it can be integrated
with simulation programs, such as TRNSYS, which can
read and write input and output files in text format. Ab-
dolmaleki and Berardi4 demonstrated the use of TRNSYS
for modelling hydrogen-fuelled systems for zero-energy

buildings, confirming its flexibility in representing com-
plex energy systems.

Calise4 performed a thermo-economic analysis and opti-
misation of solar heating and cooling systems for different
Italian school buildings and climates, showing that optimal
configurations can significantly reduce payback periods. Hang
et al.5 optimised and developed a solar cooling system for a
small office using linear regression-based modelling to link
cost, energy use, and carbon emissions. Al-Alili et al.6 con-
ducted a study on optimising a solar single-effect absorption
chiller modified for Abu Dhabi’s climate, where they for-
mulated two single-objective optimisation problems: one
minimising backup electricity use and the other minimising
system cost. Lu et al.7 investigated a double-effect absorption
chiller combined with evacuated tube collectors, identifying
that collector efficiency strongly influences overall system
economics. Berhane et al.8 used life cycle cost (LCC) and
multi-objective optimisation to minimise both system cost and
CO2 emissions in a solar absorption chiller system. Hang
et al.9 also applied stochastic and deterministic optimisation to
analyse system uncertainties, concluding that stochastic op-
timisation better handles design risk.

Recent contributions between 2020 and 2024 have ad-
vanced the integration of optimisation and simulation in solar
cooling applications. For instance, Li et al.10 developed amulti-
objective TRNSYS–Genetic Algorithm framework for solar

Figure 1. Energy consumption to meet cooling needs worldwide, now and in the future (IEA, EIA, WEO).

Figure 2. Projected, 2050 energy demand by cooling type (IEA, EIA, WEO).
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cooling in subtropical climates, achieving a 23% reduction in
system cost compared to manual optimisation. Hussein and El-
Shaer11 experimentally validated a TRNSYS model of solar-
driven adsorption cooling for North-African cities, confirming
higher coefficient of performance (COP) values in arid regions.
Zhang et al.12 introduced a deep-learning-assisted optimisation
for evacuated-tube solar chillers, enhancing convergence speed
of GenOpt by 40%. Rahman et al. 13 compared PV-driven
compression chillers and solar absorption systems and found
absorption systems more cost-effective when electricity ex-
ceeds £0.06/kWh. Khalid and Rashid14 developed a hybrid
PSO–Hooke-Jeeves algorithm for large-scale solar cooling in
Middle Eastern climates, demonstrating that Hooke-Jeeves
search provides faster local convergence for multi-
dimensional problems.

These recent studies emphasise the importance of hybrid
and AI-assisted optimisation methods. However, most
available literature has concentrated on Asian and European
climates, with limited research addressing the African
energy context, where high solar potential coexists with
variable electricity pricing and grid reliability. Moreover,
there remains a lack of comprehensive techno-economic
optimisation combining life-cycle cost, solar fraction, and
primary energy savings within a unified framework.

Despite these contributions, the application of advanced
optimisation frameworks to solar-assisted absorption
chillers in African climates remains limited. Furthermore,
most prior work has concentrated on parametric or deter-
ministic optimisation approaches, which may not fully
capture location-specific uncertainties in solar availability,
electricity cost, and cooling demand. This study addresses
these gaps by integrating TRNSYS simulations with
GenOpt to optimise a solar thermal cooling system, fo-
cusing on life cycle cost and energy efficiency across four
African locations with distinct climates: Alkufra (Libya),
Cairo (Egypt), Accra (Ghana), and Lagos (Nigeria).

Materials and methods

The cooling system is powered by thermal energy harvested
from the sun during the day through a thermal solar collector
field. At night, the system first utilises the stored energy, and an
electric boiler operates to run the absorption chiller when the

stored energy is insufficient. This system is designed to meet
medium temperature refrigeration demands (2°C to 12°C) for
storing fruits and vegetables in hot locations. The solar cooling
system, which needs to be optimised for minimum cost and
higher efficiency, is demonstrated below. It primarily consists
of an absorption chiller, storage unit, evacuated tube collector,
backup system, and pumps. The thermal energy is supplied by
the thermal solar collector to be stored in the storage unit,
providing the system with the necessary heat of approximately
85°C to 118°C. The solar absorption chiller was analysed in
this research as it can initially be driven by thermal solar energy
during the day. An electric boiler is utilised to supply the
cooling systemwith the necessary inlet temperaturewhen solar
energy cannot meet the required temperature. The system
consists of four cycles. In the first cycle, fluid flows from the
heat source; the pump activates when the fluid temperature is
higher than the ambient temperature, and the stored fluid
temperature is lower than that of the fluid in the solar col-
lectors. In the second cycle, the pump operates when the chiller
is ON, controlled by a thermostat that monitors indoor tem-
perature. If the fluid temperature does not meet requirements,
the electric boiler will heat the liquid to the set point tem-
perature, which is also regulated by a thermostat. The outlet
fluid is managed by amixer; if the fluid is hotter than that in the
storage unit, it will be pumped to the boiler immediately; if it is
not hot enough, it will go to the storage unit. In the third cycle,
the fluid is directed to the cooling tower to cool down and then
returned to the condenser in a closed loop. In the fourth cycle,
whenever there is a demand for chilled energy, pump four
activates to cool down the storage room, and the fluid is sent
back to the chiller. Figure 3 and 4 demonstrates the solar
cooling system in TRNSYS simulation software.

Figure 5 illustrates the interaction between GenOpt and a
Simulation Program for optimisation and simulation pro-
cesses. GenOpt controls the optimisation by inputting data into
the simulation program and retrieving the outputs. The
Simulation Program executes the simulations based on
GenOpt’s inputs, generates results (outputs and logs), and
returns them to GenOpt for evaluation. This loop continues
until the optimisation criteria are met, adjusting variables to
enhance system performance based on the simulation outputs.

The optimisation process was carried out using TRNSYS
software to simulate the system’s performance, along with

Figure 3. The schematic diagram of a solar absorption chiller cooling system.
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GenOpt to optimise variables such as collector area, slope
angle of the collector, and storage capacity. The software was
programmed to minimise costs while maximising cooling
efficiency. Firstly, the TRN-build program serves as the
interface to integrate TRNSYS and GenOpt. After com-
bining both software programs, GenOpt could automatically
run TRNSYS simulations hundreds of times, reducing the
workload of the simulation. The process of both software
programs is illustrated in Figure 5 above. GenOpt can re-
peatedly create building (.bui) and deck (.dck) files, run
TRNSYS with those files, keep results, and restart.16

The thermal behaviour of the solar-assisted cooling
systemwas characterised using fundamental energy balance
equations. The net useful heat gain from the solar collector
field is expressed as:

Qcoll ¼ Ac ηcGt (1)

Qcoll is the represents the useful thermal energy collected (W).
Ac is the collector surface area (m2).
ηc is the instantaneous collector efficiency.
Gt is the incident global solar radiation (W/m2).

The energy balance of the thermal storage tank is for-
mulated as:

dUs
dt

¼ mcpðTin� ToutÞ � Qloss (2)

Us is the stored energy within the tank (J).
m denotes the mass flow rate of the working fluid (kg/s).
cp is its specific heat capacity (J/kg�K).
Qloss accounts for thermal losses to the surroundings (W).
Tin is the inlet temperature.
Tout is the outlet temperature.

Solar fraction

The solar fraction is the ratio between the extracted solar
energy and the total energy required by the whole system; it
varies between 0 and 1.

SF ¼ Qsolar
Qsolar þ Qboiler

(3)

Figure 4. The solar thermal cooling system in the TRNSYS Software environment.

Figure 5. The interface between Gen-Opt and a simulation program Hasan et al.15
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Coefficient of performance

The coefficient of performance is a crucial indicator of the
performance of thermal solar cooling systems, depending
on both output and input energy sources.

COPsystem ¼ Qcool
Qboiler þ Qsolar

(4)

COPchiller ¼ Qeve
Qgen

(5)

Primary energy saving

The primary energy saving is the ratio of electricity con-
sumption for a solar cooling system and a conventional
compression chiller system, Equation below represents the
relation between the total primary power consumed by the
auxiliary boiler in a thermal solar cooling system to the total
primary power consumed by a traditional air compressor chiller
to cover the same cooling load, εele is energy conversion
factors was assumed to 0.4 according to Ayadi & Al-Dahidi.17

PER ¼ Qcold
�
Qboiler
εele

� (6)

Figure 6 below illustrates the optimisation process
followed in this research for the solar-assisted absorption
cooling system. The procedure begins with the input of
climatic data and load profiles for each location, fol-
lowed by defining the system components and initial
design parameters in TRNSYS. The simulation is then
executed to calculate key performance indicators such as
the coefficient of performance (COP), solar fraction
(SF), and primary energy ratio (PER). The resulting
performance data are passed to GenOpt, which evaluates
the cost function and initiates an iterative optimisation
loop. Within this loop, the Hooke–Jeeves algorithm
continuously adjusts the main design variables—
collector area, storage volume, and collector slope
angle—until the life-cycle cost (LCC) converges to its
minimum value. On the system side, the solar field
supplies heat to the thermal storage tank, which in turn
powers the absorption chiller; the auxiliary power sys-
tem provides backup energy under low-radiation con-
ditions. A controller regulates energy flow among these
subsystems to maintain stable operation. The process
concludes with the output of the optimal configuration
that minimises cost and maximises overall system

Table 1. Parameter values for the optimisation approach in TRN-opt.

Slop angle (degree) Collector area (m2) Storage capacity (m3)

Minimum 10 1000 60
Maximum 45 2500 500
Initial value 15 1000 60
Step 5 50 25

Figure 6. Flow chart showing the modelling and optimisation sequence of the solar absorption cooling system.
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efficiency. Table 1 below illustrates the optimisation
approach for each parameter.

The interface between TRNSYS Software and Gen-opt
(TRN-opt) requires the minimum, maximum, initial, and
step values. Additionally, the cost object function is
demonstrated in equations below:

COSTSOLAR ¼ ððAREACOLL1*COSTM2Þ
þ ðVOLTANK1*COSTM3ÞÞ
þ ðLIFETIME*ðQ T*COST KWHÞÞ

(7)

Q T ¼ Q PUMP þ Q PUMP1

þ Q PUMP2þ Q PUMP3þ Q boiler
(8)

Additionally, TRN-opt is a powerful add-on appli-
cation in TRNSYS, as it offers the option to choose
optimisation algorithm methods, such as the coordinator
search method and the Hooke-Jeeves search method,
among others.18

· The coordinator search method optimises by inves-
tigating a variable quantity at a time, near its de-
creasing step size, repetitively. It is simple; however,
it could be slow for complex problems or high-
dimensional scenarios.19

· The Hooke-Jeeves Search Method combines explor-
atory search along coordinate directions with pattern
attempts for faster convergence. It is more effective and
robust for multi-dimensional challenges. The Hooke-
Jeeves Search Method was chosen for this research
because it is more efficient and converges faster.18

The costs of the evacuated tube solar thermal collector,
storage, and electricity in each country are presented in
Table 2 below.

Results

Weather data for each location (temperature, humidity, and
solar radiation) were input into the model to accurately
simulate real conditions. The optimisation method em-
ployed search algorithms to achieve the most efficient
configuration for each location. Figure 7 illustrates the 3D
mapping of the African weather profile.

The figure above illustrates the 3D mapping of the
African weather profile. The X-axis displays temperature in
degrees Celsius (°C), ranging from 0°C to 50°C. The Y-axis
shows humidity in percentage (%), spanning from 0% to
100%. The Z-axis represents radiation in watts per square
meter (W/m2), varying between 0 and 2000 W/m2. Each
data point reflects a specific combination of humidity,
temperature, and radiation readings. The points are color-
coded according to a colour bar on the right, indicating the
magnitude of radiation: Blue denotes low radiation values
(around 200 W/m2), while Red indicates high radiation
values (around 1800 W/m2). High radiation is observed at
elevated temperatures (above 30°C) and is associated with
lower humidity levels. Low radiation is noted at cooler
temperatures (below 20°C) and tends to correspond with
higher humidity levels. Mid-range radiation values are

Table 2. The cost of electricity and the main solar cooling
system.

Cost (£)

Collector area (m2) 400
Storage capacity (m3) 520
Feed-in-tariff (W)
Libya 0.05
Egypt 0.047
Nigeria 0.045
Ghana 0.16

Figure 7. 3d mapping of the African weather profile.
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found in the transition zones of temperature and humidity.
This visualization supports analysing trends in weather data
and examining how temperature and humidity affect solar
radiation in a simulated African environment. Moreover, it
illustrates where the system may be more advantageous or
less effective in terms of technical and economic perfor-
mance. In this study, four locations were selected to
evaluate the system, each chosen for its unique weather
profiles (temperature, humidity, and solar radiation).

Table 3 below shows the most optimised values of the
primary design parameters alongside the minimum cost
achieved for each location.

Figure 8 demonstrates the relationship between col-
lector area, tank volume, and cost for a solar cooling
system in Lagos. As the collector area increases to
2453.125 m2, the cost initially drops, reaching an op-
timised cost of £7,128,871, before stabilizing. The tank
volume remains consistent at 100 m3 throughout the
optimisation process, indicating that varying the tank
volume does not significantly impact the system’s
overall cost.

Figure 9 illustrates the relationship between collector
area, tank volume, and cost. The optimisation process re-
sults in a minimum cost of £2,546,257 with a collector area

Table 3. The optimal values for system cost, collector slope angle, collector area, and storage capacity.

Cost Slop angle (degree) Collector area (m2) Storage capacity (m3)

Alkufra 1,493,918 10 2500 213
Cario 2,546,084 21 2500 100
Accra 6,607,349 10 2500 100
Lagos 7,131,090 10 2500 100

Figure 8. The cost analysis during the optimisation process for a solar cooling system in Lagos, Nigeria.

Figure 9. The cost analysis during the optimisation process for a solar cooling system in Cairo, Egypt.
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of 2500 m2, while the tank volume remains consistent at
100 m3 throughout the analysis. The collector area increases
steadily, reducing costs until it reaches an optimised point,
after which it stabilises.

Figure 10 illustrates the relationship between col-
lector area (m2) and storage capacity (m3) with the cost
(£) for a solar thermal cooling system in Alkufra. The
chart shows how varying the collector area and tank
volume impacts the overall system cost during optimi-
sation. The price decreases because a larger collector
area likely enhances the efficiency of solar energy
collection, reducing reliance on auxiliary energy sources
(like electricity or fuel). The lowest cost point is
£1,493,932, corresponding to a collector area of ap-
proximately 2500 m2 and a storage capacity of 213 m3.

Figure 11 illustrates the relationship between collector
area, tank volume, and cost for a solar cooling system in
Accra. The minimum cost reached is £6,600,224, with a
collector area of 2106 m2, while the tank volume remains
constant at 100 m3 throughout the optimisation process. As

the collector area increases, the cost initially decreases,
reaching the optimal point before stabilizing.

Weather data profile

Temperature. Figure 12 “Average Ambient Tempera-
ture” compares the monthly average temperatures for
four locations: Accra, Alkufra, Cairo, and Lagos. Accra
consistently records the highest average temperatures
throughout the year, while Alkufra displays the most
temperature variation, with cooler months early in the
year and higher peaks in the summer. Cairo and Lagos
show more moderate and relatively consistent tem-
peratures. The temperature trends indicate distinct
climate conditions in each area, influencing cooling
system performance and energy requirements.

Humidity. Figure 13 “Average Humidity” compares the
monthly average humidity percentages for Accra, Al-
kufra, Cairo, and Lagos. Accra and Lagos consistently

Figure 10. The cost analysis during the optimisation process for a solar cooling system in Alkufra, Libya.

Figure 11. The cost analysis during the optimisation process for a solar cooling system in Accra, Ghana.
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show high humidity levels, averaging around 70–80%
throughout the year. In contrast, Alkufra consistently
records the lowest humidity, indicating a much drier
climate. Cairo exhibits moderate humidity, with fluc-
tuations between 40% and 60%. These variations sug-
gest that Accra and Lagos experience more humid
conditions, while Alkufra remains arid.

Radiation. Figure 14 “Average Solar Radiation” com-
pares the monthly solar radiation levels for Accra,
Alkufra, Cairo, and Lagos. Alkufra consistently re-
ceives the highest solar radiation, exceeding 1000
units throughout the year, while Accra and Lagos
experience lower radiation levels, ranging from 600 to
800 units. Cairo has moderate solar radiation, peaking
at around 900 units. This indicates that Alkufra
benefits from the most intense solar radiation,

supporting high solar energy generation, while the
other locations receive comparatively less solar
exposure.

Evacuated tube thermal solar collector efficiency. Figure 15
shows the efficiency of evacuated thermal solar
collectors over 24 hours for four different locations:
Accra, Alkofra, Cairo, and Lagos. The efficiency of
the solar collectors increases around 8 a.m. and
declines around 6 p.m. in most locations. Accra
reaches its highest efficiency (0.75) between 11 a.m.
and 2 p.m. Alkofra demonstrates a more gradual
increase, attaining a peak efficiency slightly lower
than Accra but sustaining it for a longer time. Cairo
experiences a much steeper rise and falls in effi-
ciency, peaking at about 0.55 for a shorter period.
Lagos achieves its highest peak efficiency at 0.76,

Figure 13. Monthly average humidity in various locations in Africa.

Figure 12. Monthly average temperature in various locations in Africa.
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but also undergoes fluctuations during the middle of
the day.

Technical performance

Accra. Figures 16 and 17 below compare the system co-
efficient of performance, Solar Fraction, and Primary En-
ergy Savings on a cloudy day versus a sunny day in Accra.
On the cloudy day (first figure), the COP and SF remain
lower and more stable, peaking briefly around 17:00, while
the PER stays consistent and relatively low. On a sunny day
(second figure), the COP and SF show higher peaks be-
tween 12:00 and 17:00, indicating better system perfor-
mance due to increased solar energy availability. The

performance metrics, especially the SF and COP, are no-
ticeably more responsive and higher on sunny days,
demonstrating how the system relies heavily on solar ra-
diation for optimal cooling efficiency.

Figure 18 shows energy data for Accra over 12 months,
measured in kWh. The energy obtained from the solar
collector varies throughout the year, with a significant rise
in April. Following this, solar energy drops in May and
gradually stabilizes between June and October. Solar en-
ergy declines in the colder months, which is expected due to
reduced sunlight during these periods, but there is a notable
increase again in November.

Figures 19 and 20 compare system performance in
Alkufra on a cloudy day versus a sunny day, illustrating

Figure 14. Monthly average solar radiation full-on in various locations in Africa.

Figure 15. Evacuated Tube Solar Collector Efficiency in various locations in Africa.
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variations in Solar Fraction, Coefficient of Performance,
and Primary Energy Savings. On a cloudy day, SF peaks
around 3 p.m. and quickly declines after 4 p.m., while COP
and PER steadily rise and reach their peaks between 4 p.m.
and 6 p.m., with COP attaining 0.8. Conversely, on a sunny
day, both SF and COP exhibit more gradual increases with
higher peaks, with COP reaching 8.0 and SF approximately
0.7 between 2 p.m. and 5 p.m., indicating better system
performance under clear conditions. The graph for the
sunny day reveals more consistent and higher system ef-
ficiency compared to the cloudy day, where solar energy
availability is restricted.

Figure 21 highlights the energy performance of a solar
thermal cooling system in Akufra. The system performs

best during the spring and summer months when solar
energy is abundant, resulting in higher chilled energy
outputs. Solar energy fluctuates significantly throughout
the year, peaking dramatically in April when it reaches
its highest value. Other notable peaks occur in May,
June, August, and September, with moderate values in
the other months. Solar energy tends to be lower in
January, February, October, November, and December,
likely due to seasonal variations in sunlight availability.
The contribution of boiler energy is consistently small
across all months compared to solar energy and chilled
energy values. There is a slight increase in boiler energy
use from April to September, indicating that during these
months, the boiler supports the solar system, but its

Figure 16. Solar Cooling System Performance on a cloudy day in Accra, Ghana.

Figure 17. Solar Cooling System Performance on a sunny day in Accra, Ghana.

Abdelwanes et al. 11



contribution remains minimal compared to the solar
energy value.

Figures 22 and 23 compare system performance in Cairo
on a cloudy day (top) and a sunny day (bottom), illustrating
Solar Fraction, Coefficient of Performance, and Primary
Energy Savings. On a cloudy day, SF remains low, briefly
peaking around noon, while COP peaks in the afternoon at
approximately 0.5, and PER remainsmoderate yet stable. On a
sunny day, SF, COP, and PER rise more gradually, achieving
higher overall peaks (with COP reaching 1.0 and PER close to
0.9), indicating significantly better performance attributed to
increased solar radiation. The sunny day reflects a more ef-
ficient system with greater energy savings and solar contri-
butions compared to the cloudy day.

Figure 24 illustrates the energy contributions of the
solar thermal system, including the energy produced by

the solar collector, the electricity required, and the total
chilled energy demand of the cooling system in Cairo
throughout the year. The system achieves peak perfor-
mance during spring and summer, demonstrating reduced
reliance on the boiler, and experiences the highest energy
outputs when solar energy is most abundant. In the winter
months, the solar contribution declines, necessitating a
greater dependence on boiler energy to meet cooling
demands.

Lagos. Figures 25 and 26 compare the system perfor-
mance in Lagos on a cloudy day versus a sunny day,
regarding Solar Fraction, Coefficient of Performance,
and Primary Energy Saving. On a cloudy day, SF and
PER rise sharply in the afternoon but quickly drop off
after peaking, while COP remains low and fluctuates

Figure 18. Output energies by optimised solar cooling system in Accra, Ghana.

Figure 19. Optimised solar cooling system Performance on a Cloudy day in Alkufra, Libya.
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throughout the day. On a sunny day, SF, COP, and PER all
exhibit a more gradual and stable rise, with higher peaks
(SF 1, COP 0.9, PER 0.9), indicating improved system
efficiency with consistent solar input. The results for the
sunny day demonstrate significantly better and more
stable system performance compared to the cloudy day,
owing to higher solar energy availability.

Figure 27 illustrates the seasonal energy performance
of the optimised cooling system in Lagos. The system
relies significantly on solar energy during the spring and
summer months, particularly in April, when both solar
energy and cooling demand reach their peak. The boiler
energy supplements the system during months with
higher cooling loads, especially in July and August,
when solar energy alone is insufficient. Overall, the
system is designed to maximise solar energy usage but
still requires auxiliary energy during peak cooling de-
mand periods.

Discussion

The optimisation results were further examined to under-
stand how different design parameters affected performance
and cost in each location. The analysis showed that the
collector area and electricity price had the strongest impact
on the system’s life-cycle cost (LCC). When the collector
area increased, the need for auxiliary electricity decreased
significantly. However, once the collector area exceeded
about 2,500 m2, the total cost stopped improving because
the benefit of adding more collectors became small.

In Alkufra, the best design configuration—with a collector
area of 2,500m2, storage volume of 213m3, and slope angle of
10° achieved the lowest total cost of £1.49 million. Cairo
followed with £2.55 million, while Accra and Lagos showed
higher costs between £6.6–7.1 million. The higher costs in
these two cities were mainly due to lower solar radiation and
higher humidity. These findings agree with those of Calise4

Figure 20. Optimised solar cooling system Performance on a sunny day in Alkufra, Libya.

Figure 21. Output energies by optimised solar cooling system in Alkofra, Libya Cario.
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Figure 22. Optimised solar cooling system Performance on a cloudy day in Cairo, Egypt.

Figure 23. Optimised solar cooling system Performance on a sunny day in Cairo, Egypt.

Figure 24. Monthly output energies by optimised solar cooling system in Cairo, Egypt.
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Figure 25. Optimised solar cooling system Performance on a cloudy day in Lagos, Nigeria.

Figure 26. Optimised solar cooling system Performance on a sunny day in Lagos, Nigeria.

Figure 27. Monthly output energies by optimised solar cooling system in Lagos, Nigeria.
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and Hang et al.,5 who found that collector area is the main
factor influencing both energy output and total cost.

The sensitivity analysis showed that increasing the
storage volume from 60 to 200 m3 reduced the use of
auxiliary electricity by 8–12% in regions with strong
solar radiation. However, this effect was much smaller in
humid climates. The best collector slope angle was found
between 10° and 25°, balancing efficient solar collection
with practical installation size.

System performance in all four locations was strongly
affected by solar availability. The Coefficient of Per-
formance (COP) and Solar Fraction (SF) reached their
highest values between 12:00 and 17:00 on sunny days,
then dropped quickly after sunset when the stored energy
was used up. In Alkufra, the COP reached 0.8 and SF
0.68, while in Lagos, lower solar radiation limited the
COP to 0.5 and SF to 0.4.

Seasonal performance followed similar trends. Between
April and September, solar contribution was at its highest
and the use of auxiliary power was minimal, whereas in
winter more backup electricity was required. These trends
agree with the studies of Lu et al.7 and Hussein and El-
Shaer,11 confirming that evacuated tube collectors perform
best in arid and semi-arid regions.

To validate the model, the simulation results were
compared with published data from Al-Alili et al.,6 Hang
et al.,5 and Li et al..10 The COP values (0.5–0.8) were within
±10% of those reported in the literature. The relationship
between cost and collector area closely matched Calise,4

showing diminishing cost improvements beyond 2,500 m2.
Predicted primary energy savings (20–45%) were also
similar to Li et al.,10 confirming the accuracy and reliability
of the TRNSYS–GenOpt optimisation process. Minor
differences (less than 8%) were likely due to different
collector efficiencies and climate conditions.

Among all locations, Alkufra and Cairo provided the
best techno-economic results because of their high solar
potential and moderate electricity prices. In contrast, Accra
and Lagos showed lower performance due to high humidity
and electricity costs. These outcomes highlight the im-
portance of designing solar cooling systems according to
each region’s specific climate.

From a broader perspective, national policies and
incentives—such as feed-in tariffs, low-interest loans,
and tax exemptions for solar equipment—could en-
courage wider adoption of these systems. The optimi-
sation framework developed in this study, which
combines TRNSYS dynamic simulation with GenOpt,
can serve as a practical tool for engineers and policy-
makers to design efficient and cost-effective solar-driven
cooling systems for African climates.

Conclusion

This research demonstrates the feasibility and effec-
tiveness of optimising solar-assisted cooling systems
using a hybrid simulation-optimisation approach. By
integrating TRNSYS simulations with GenOpt optimi-
sation, the study identifies optimal system configurations
that minimise life cycle costs while maximising energy
efficiency across diverse African climatic zones. The

analysis highlights the significant influence of solar
collector area and storage capacity on system perfor-
mance, with location-specific variations dictated by solar
radiation levels and electricity costs.

Key findings indicate that regions with higher solar
irradiance, such as Alkufra, achieve the lowest life cycle
costs. In contrast, areas with moderate or lower irradiance
require larger collector areas and greater dependence on
auxiliary energy sources. The study highlights the po-
tential of solar cooling systems as a sustainable and
economically feasible alternative for meeting cooling
demands in Africa.
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