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Abstract. The agricultural sector in Lesotho grapples with significant challenges regarding
post-harvest losses. Given that 40% of all agricultural products require cold storage, food qual-
ity is compromised due to lack of cold storage to extract the heat from exposure to high field
temperatures after harvest. This research proposes a solar thermal cooling system tailored to
the specific needs of preserving fresh agricultural produce, leveraging Lesotho’s abundant so-
lar energy resources. Through TRNSYS simulation and MATLAB economic analysis, optimal
system parameters are determined, ensuring both technical efficiency and financial viability.

The outcomes indicate that the proposed absorption solar thermal cooling system, incorporat-
ing evacuated tube collectors and an auxiliary boiler, effectively manages a cooling load of
7.318 kW, preserving fresh vegetables at 6.1°C. The optimized design features a chiller with
a Coefficient of Performance of 0.8, a collector area of 12 m?, and a hot storage volume of 0.2
m?3, maximizing solar energy utilization. Importantly, economic metrics such as Levelized Cost
of Energy ($0.085/kWh), Net Present Value ($9,200), Discounted Payback Period (12 years),
and Savings to Investment Ratio (achieving 1 in year 13) demonstrate the financial feasibility
and profitability of the system.

These findings underscore the potential of solar thermal cooling as a promising investment
option for addressing refrigeration needs in Lesotho, offering a sustainable solution to mitigate
post-harvest losses and enhance economic performance in the agricultural sector.

Keywords: Solar thermal cooling, Lesotho, Agricultural, Absorption cooling, TRNSYS, Coeffi-
cient of performance, Post-harvest losses, Economic analysis

1. Introduction

Since the 18! century, it has been acknowledged that food preservation is essential [1]. It
is estimated that 40% of all agricultural products require cold storage [2]. Without cold storage
facilities, farmers face a significant challenge in the form of post-harvest losses of perishable
agricultural produce such as fruits and vegetables. This is primarily due to the metabolic pro-
cesses that cause fresh produce to deteriorate and lose value. Fruits and vegetables can lose
up to 20 hours of their shelf life due to field heat exposure [3]. In addition, perishable commod-
ities are known to experience a faster deterioration rate as the temperature increases and the
deterioration can increase two to three times with every 10 °C rise in temperature [4]. To ensure
the quality and safety of perishable fruits and vegetables, storing them at their lowest safe
temperature is critical.
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In the past, reducing the moisture content of fresh vegetables was a common way to extend
their shelf life. However, in the 215t century, consumers demand high-quality food, rendering
this older practice limited [5, 6]. The need for fresh produce has driven early innovations in
food storage technology, such as Smock and Neubert’s research on controlled atmosphere
storage of apples in 1950, which paved the way for groundbreaking advances in fresh food
preservation and refrigeration [1]. Preserving food at high-quality levels requires a multi-dimen-
sional chain system in which food is kept at low temperatures to slow down metabolic pro-
cesses that lead to spoilage [2]. Since its inception, the refrigeration of fresh produce has con-
tinued to improve. In the early 2000s, this was accelerated by the increasing demand for pre-
mium quality fruits and vegetables, where global production witnessed significant growth, in-
creasing by 30% from 1980 to 1990 and further by 56% from 1990 to 2003 [7, 8].

STC systems use solar energy to heat a secondary fluid, which flows through collectors
to gain thermal energy and transfer it to the generator chamber of the chiller for the necessary
condensation and evaporation processes that create the cooling effect. Solar thermal cooling
(STC) systems have an advantage over solar photovoltaic (PV) systems in that they can har-
vest up to 98% of incident radiation and provide efficiencies of 60-70%, compared to solar PV
panels that can only harvest up to 46% of visible light and offer a maximum efficiency of 20%
[9]. However, a major obstacle to the growth of STC technology is its high initial cost and low
overall system efficiency, making it difficult to currently compete commercially with conven-
tional cooling technologies [10]. The surge in research on STC technology for air conditioning
and refrigeration can be attributed to the energy crises of the 1970s; it also gained even more
popularity in the early 90s as a solution to low electrification and off-grid cooling [11]. Two
decades ago, a review by Best and Ortega on solar refrigeration and cooling found that the
global system efficiencies achieved using evacuated tube collectors in conjunction with am-
monia/water absorption systems were only 7-20%, depending on solar irradiation [12]. These
efficiencies have since improved to 48% [13]. They also discovered that concentrating collec-
tors are necessary for achieving lower temperatures ranging from 4 to 10°C. Furthermore,
Brosnan suggests that swiftly pre-cooling agricultural produce to temperatures between 0 and
5 °C before transportation using STC can help prolong its shelf life by halting metabolic pro-
cesses for 8 hours or more [14].

Reducing reliance on fossil fuel energy sources, which contribute to climate change, has
been a significant driver in the development of STC technologies in the past two decades [15].
Absorption, adsorption, and desiccant cooling are the three most researched STC technolo-
gies. Still, they have not been able to provide consistent optimal cold storage temperatures
and humidity levels of 0-12 °C and 80-95%, respectively, without an auxiliary heat supply [15,
16]. This is a major challenge in food refrigeration since maintaining steady temperatures and
humidity is essential for optimal food quality. Nevertheless, the advantages of a solar thermal
refrigeration system include low operating costs, no greenhouse gas emissions, and the ability
to operate in remote areas without access to electricity.

Sub-Saharan Africa (SSA) has estimated 30-40% post-harvest food losses, which
amounts to more than a third of all harvest [2, 7, 8]. These losses not only lead to financial
difficulties for farmers but also discourage large-scale farming of perishable agricultural prod-
ucts, impeding the growth of the agriculture sector and exacerbating poverty and poor eco-
nomic performance. This, in turn, leads to more deaths among children each year than the
combined toll of AIDS, malaria, and tuberculosis [17]. In Lesotho, agriculture contributes 6.2%
to the gross domestic product (GDP), and more than 70% of citizens depend on agriculture for
food and income [16, 18-20]. It is therefore crucial for ensuring food security, economic growth,
and development. Implementing post-harvest management systems such as cold room stor-
age is crucial in reducing losses and shifting countries like Lesotho from food-deficient coun-
tries dependent on other countries to food-secure nations [3, 21]. Traditional cold rooms can
be costly to purchase and maintain, which can increase storage expenses and decrease profit
margins, particularly for small-scale farmers [5, 7]. Furthermore, these conventional cold rooms
may not be easily accessible for off-grid usage near farming lands for pre-cooling purposes.
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Nevertheless, the adoption of STC technologies remains limited in Lesotho probably due to a
number of reasons including lack of awareness regarding their benefits, insufficient research,
and limited financial resources.

This study revolves around the multifaceted exploration of solar thermal energy’s applica-
bility in refrigeration within the specific context of Lesotho. The research is driven by an intrinsic
need to comprehend the potential advantages and challenges associated with the integration
of solar thermal refrigeration systems. These considerations span various dimensions, includ-
ing sizing, efficiency, and cost-effectiveness. The overarching goal is to shed light on the tech-
nical and socio-economic benefits stemming from the adoption of solar thermal refrigeration in
the agricultural sector of Lesotho. Central to this endeavor is the design of STC system spe-
cifically tailored to address the unique challenges faced in Lesotho. Furthermore, the research
encompasses a thorough economic analysis of the proposed model, evaluating its viability
against conventional cooling systems.

The detailed objectives guiding the system design include:

e Conducting a comprehensive assessment of the current state of refrigeration in Leso-
tho, encompassing an analysis of demand, existing systems, and prevalent challenges.

o Evaluating the potential of solar thermal energy for refrigeration in Lesotho by consid-
ering factors such as solar resource availability, technological suitability, and integra-
tion prospects with the local infrastructure.

o Designing a solar thermal refrigeration system with a keen focus on efficiency, cost-
effectiveness, and contextual appropriateness.

e Performing a robust economic evaluation to ascertain the tangible benefits of imple-
menting solar thermal refrigeration in Lesotho.

These objectives are concretized within specific constraints of attaining pre-cooling tem-
peratures ranging from 0-12 °C for identified agricultural products, including cabbage, tomato,
green pepper, and green beans. The solar thermal refrigeration system will be designed to
optimize key performance indicators, including high collector efficiency, a high coefficient of
performance (COP), a high solar fraction, high exergy efficiency, and substantial primary en-
ergy savings. A comprehensive economic analysis is carried out, scrutinizing metrics such as
the Levelized Cost of Energy (LCOE), Net Present Value (NPV), Savings to Investment Ratio
(SIR), and Discount Payback Period (DPP) to determine the competitiveness and economic
viability of the proposed solar thermal refrigeration system relative to conventional counter-
parts.

The design and economic analysis of a STC system in Lesotho are grounded in a multi-
tude of justifications that highlight the potential advantages and positive impacts associated
with the adoption of this innovative technology. Lesotho’s compact size of 30,355 km? and the
uniform distribution of solar irradiation levels ranging from 5.5-7.2 kWh/m?, shown in Figure 1,
position the country as an ideal location for the deployment of solar thermal absorption cooling
systems. The solar radiation peak during the hottest hours of the day further aligns with the
periods of peak cooling loads, thereby reducing the need for cooling during sunset or under
cloudy conditions [22].
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Long term average of DNI, period 1994-2018
Daily totals: 5.0 5.4 58 6.2 6.6 70
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Figure 1. Direct normal radiation patterns for Lesotho [22].

Lesotho is heavily reliant on energy imports and it is imperative to reduce electricity de-
mand by implementing solar thermal absorption cooling systems. Research by Wang in 2010
suggests that solar-assisted cooling systems could yield energy savings of 40-50% [23]. This
is also supported by Ullah et al. [24]. This is a particularly pertinent consideration in the face
of Lesotho’s existing capacity shortage, with a national peak load of 203.48 MW and a domes-
tic generation capacity of only 74.7 MW as of 2022 [25]. Additionally, projections by the Inter-
national Energy Agency (IEA) anticipate a substantial drop in the total cost of STC systems by
35-45% by 2030 while grid electricity tariffs keep rising on an annual basis, emphasizing the
imperative for increased investment STC technologies [26].

Despite advancements in electrification since the 2000s, less than half of Lesotho’s pop-
ulation had access to electricity in 2020 as indicated in Figure 2 [4]. In 2024, there has barely
been any improvement as access rate is only 51% from [27]. STC systems, capable of oper-
ating in rural areas not covered by the national grid, address disparities in access.
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Figure 2. Access to electricity in Lesotho by population percentage over 24 years [4]

The rest of the paper is organized as follows: Section 2 describes the precise system of
methods used as well as simulation technologies for STC in Lesotho’s context. Section 3 pro-
vides results and discussion, where the STC simulation results are tabulated, analyzed, dis-
cussed, and criticized in reference to the literature. Section 4 is the conclusions and recom-
mendations, where the main findings on the implemented STC technology are summarized,
conclusions are drawn, and recommendations are presented for future research.
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2. Methodology

This study focused on the pre-cooling of fresh vegetables which are a major source of food
waste [28]. Pre-cooling temperatures of 0-12 °C for perishable vegetables were targeted, as
recommended by the UN’s Food and Agricultural Organization, FAO [29]. The cooling tech-
nology modeled in this study was absorption cooling. This is mainly due to its relatively high
COP, low-pressure performance, relatively simple system design, and low maintenance [30].
TRNSYS was selected to perform the system simulation in this study. TRNSYS is a flexible
modelling software that offers a graphical interface used to simulate transient systems’ behav-
iour. Furthermore, the literature shows TRNSYS’ superiority and robustness in simulating STC
systems. Model validation studies have shown that the mean error between TRNSYS software
simulation results and measured results on a real system is under 10%, owing to its extensive
library of components [31, 32]. TRNSYS requires knowledge of the desired cooling capacity.
Therefore, cooling load calculations were performed in the Danfoss Cool-Selector software
which allows for the selection of other crucial inputs such as the dimensions of the cold room,
the type of agricultural produce that will be stored in refrigeration, and the frequency of produce
turnover.

The study was carried out using typical meteorological year (TMY) data for January, with
Maseru as a case study. The daily solar irradiation data for Maseru is shown in Figure 1 while
the monthly climatic conditions provided by Meteonorm are shown in Figure 3. The simulation
accounts for only the weather conditions in January as the peak vegetable harvest month and
the warmest month in Lesotho [33]. This selection ensures that the system is tested under the
most demanding operating conditions, providing insights into its performance during the period
of highest cooling demand. By focusing on the month with the highest cooling load, the eco-
nomic analysis can accurately assess the system’s financial feasibility and profitability during
the critical period.
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Figure 3. Monthly climate data for Maseru produced by Meteonorm.
2.1 System configuration
The system consists of a solar thermal collector array, a hot water storage tank, a single effect

absorption chiller, pumps, a refrigeration load, and an auxiliary boiler. The system configuration
is shown in Figure 4.
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Figure 4. STC system configuration.

Water is pumped from the bottom of the stratified thermal storage tank through the collec-
tor array when the temperature of the collector array is greater than that of the storage tank
outlet. Otherwise, the circulation through the collector array stops until its temperature is
greater than the storage outlet temperature. Another pump is used to pump the hot water from
the storage tank outlet towards the top of the storage tank through the auxiliary heater. The
auxiliary heater is only turned on when the inlet water temperature is less than the set point
temperature. It raises the water temperature to the set point temperature of 98 °C required as
the heat supply for the absorption heater. The hot water coming into the absorption heater
starts the absorption process and exits to return to the thermal storage tank. The absorption
chiller’'s evaporator chamber is attached to the cooling load where heat is continuously ab-
sorbed from the load as cooling occurs. This keeps the temperature of the load at 6°C, which
according to Asadi et al., is an adequate cooling temperature for cooling agricultural products
[34].

2.2 Cooling load determination

The cooling load was modeled in Danfoss Cool-Selector. The cold-room design was such that
it consisted of 75 mm thick polyurethane wall with a volume of 64 m® and mass capacity of
17,280 kg. This design was estimated to be adequate for the cold storage of agricultural pro-
duce from a smallholder farmer. The daily turnover of the cold produce was estimated to be
20% which amounts to 3,556 kg per day. The inlet temperature of 20 °C for fresh produce was
based on the ambient temperature. The cold room was assumed to be built outside using a
shipping container. Below-floor temperature and humidity were estimated to be 20 °C and
56%, respectively [35]. The desired temperature and humidity for the cold room were set to
6.1 °C and 95%, respectively. Some of the crucial design parameters of the cold room are
summarized in Table 1.

Table 1. Load determination (Danfoss).

Calculated cold room load:

Total cooling requirement | 7.318 kW
Cold room details

Temperature 6.1 °C
Relative humidity 95%
Operating hours 11.7h
Dimensions

Length 4 m
Width 4m
Height 4m
Stored goods
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Type Vegetables
Quantity per day 3,556 kg
Inlet temperature 20 °C

The cooling system load profile relative to ambient temperature for January is shown in-
Figure 5. The cooling load is expressed in TRNSYS as sensible load, which is the energy
removed from the load through temperature reduction to facilitate chilling. It can be observed
that during the day, when it gets warmer, the cooling load increases to a maximum of 26,270
kJ/h (7.3 kW), excluding the two extremes on the first and last day of January. This value is
the system’s peak cooling load. During the night, when it gets cooler and not much cooling is
required, the cooling load decreases to 3,043 kJ/h (0.85kW), which is only 11.6% of the peak
load.

Load and ambient temperature graphs over January
— T(Weather_Ambien — SensibleLoad

3.10E+04

380 2 48E+04

260 1.86E+04
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14.0 1.24E+04

Heat transfer rates, kj/h
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0.00E+00
00 62.0 1240 186.0 2480 310.0 3720 4340 496.0 558.0 620.0 682.0 7440

Simulation Time = 744.00 [hr]

Figure 5. Cooling system load profile variation with ambient temperature for January.
2.3 TRNSYS modeling

The described solar thermal absorption cooling system was simulated using Maseru TMY
weather data in TRNSYS. The freezing effects of the water used in the system were not con-
sidered since the target refrigeration temperature was 6.1°C. A full TRNSYS pictorial sche-
matic of the cooling system is shown in Figure 6.
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Figure 6. TRNSYS STC system schematic.
2.3.1 Absorption chiller

The absorption chiller used for the TRNSYS system simulation is a Type 107 hot water single-
effect absorption chiller. Type 107 has a catalog data external file which predicts the chiller
performance based on the inlet temperature of hot water (Thu,in), chilled water set point ( Tehw,set),
and entering cooling water temperature (Tcw,n). The absorption chiller is modeled in three sce-
narios, all with a rated capacity of 73.318 kW and a rated COP of 0.5, 0.65, and 0.8. In this
study, the chiller is operated at 10% capacity for a cooling load of 7.318 kW. To determine the
energy delivered to the chiller by the hot water (Qnw), the following equation is used:

_ _CRrated
Qhw - COP(;:ced fDesignEnergyInput (1 )

Where faesignenergyinput i the actual current operating load, Crated is the chiller-rated ca-
pacity, and COPRrateq is the chiller-rated COP. The value of fyesignenergyinput can be found in the
absorption chiller external data file by first calculating the value of the fraction of the design
load (faesignoaa) @t which the chiller is required to operate. Then, the corresponding value of
faesignenergyinput 1S determined concerning the inlet temperature of hot water, chilled water set-
point, and entering cooling water temperature as shown in Figure 7.

- 0 X
= Typel07-HotWaterFiredAbsorption ® I

File  Edit  View @
0.00 0.18 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 IFraction of Design Load

5.556 6.111 6.667 7.222 7.778 8.88% 10.000 IChilled Water Setpoint (C)

26.667 29.444 32.222 IEntering Cooling Water Temperature (C)

108.89 111.67 113.89 115.80 116.11 IInlet Hot Water Temperature (C) Load CHF Set ECWT THWT
0.7347 6.1040 |Capacity and Design Energy Input Fraction at 8.1 5.556 32.222  108.89
0.7857 B.1040 |Capacity and Design Energy Input Fraction at 0.1 5.556 32.222  111.67
0.8327 0.1040 |Capacity and Design Energy Input Fraction at @.1 5.556 32.222  113.89
0.8531 6.1040 |Capacity and Design Energy Input Fraction at 8.1 5.556 32.222  115.00
0.8735 B8.1040 |Capacity and Design Energy Input Fraction at 0.1 5.556 32.222  116.11
1.0102 9.8980 |Capacity and Design Energy Input Fraction at 0.1 6.100 20.000  98.89

Figure 7. Type 107 absorption chiller external data file.
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The following equation determines the value of fuesignLoad-

QRemove (2)

fDesignLoad - capacityrated

Where Qremove is the energy that must be removed from the chilled water stream to
bring it from its entering temperature to the set point temperature which is equivalent to the
cooling load.

The mass flow rate for chilled water entering the chiller can be determined using the
following equation for the amount of energy to be removed from the chilled water stream.

QRemove = Ihchw Cpchw (Tchw,in _Tchw,set) (3)

Where mcnw is the mass flow rate of the chilled water, Cpchw is the chilled water specific
heat capacity, Tcnw,in is the inlet chilled water temperature, and Teuw,set is the chilled water set
point temperature.

Additionally, the following equation defines the chiller hot water stream outlet tempera-
ture. The equation is useful for finding the mass flow rates of the hot water stream and cold
water stream when the hot water inlet temperature (Thw,in), hot water outlet temperature (Thw,out),
hot water specific heating capacity (Cpaw), and hot water energy (Qxw) are already known.

Thw,out = Thw,in - mhihT‘;hW (4)
The energy balance equation for the chiller shown in the following equation is used to
determine the energy rejection to the cooling water stream (Qcw).

Qcw = Qchw + QnwtQaux (9)

Where Qaux is the energy attributed by various parasitic energy consumers in the sys-
tem such as solution pumps, fluid stream pumps, and controls. In this study, the parasitic en-
ergy consumption is assumed to be zero for simplicity.

The mass flow rate of the cold water stream can then be determined using the following
equation:

QCW
T, = Topin + —2— 6
cw,out ewin T G Chow ( )

Where T.uw,in is the cold water inlet temperature, Tewout is the cold water outlet tempera-
ture, Cpcw is the cold water specific heating capacity, and Q. is the energy rejected to the cold
water stream.

Type 107 absorption chiller is only applicable for catalog data sourced from different
manufacturers’ specifications. Therefore, input parameters for this absorption chiller have to
be within operating limits. Table 2 shows the calculated input parameters for the Type 107
absorption chiller given different COP values.

Table 2. Input parameters for TYPE 107 absorption chiller.

Parameter Description
Qremove 731 8 kW
Qnw 14.34 KW
Qo 21.66 kW
Mchw 628.75 kg/h
Mhw 1,232.08 kg/h
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Mew 1,846.68 kg/h
fdesignLoad 0 1 004
fdesignEnergyInput 0098

2.3.2 Solar thermal collectors

Type 71 evacuated tube solar thermal collectors were used in TRNSYS simulation to provide
thermal energy for the cooling system. Since efficiency is essential in collector selection, the
following thermal efficiency equation is used in TRNSYS to govern the performance of the
collector.

(Ti—Tq) (Ti_Ta)z
=0 =0 ==~ (7)

Where ay, a+, and a; are the thermal efficiency parameters representing the y-intercept,
slope, and curvature of the collector efficiency versus temperature difference/radiation ratio
curve, respectively. According to Quality Assurance in Solar Heating and Cooling Technology
(QAIST), their values are given in Type 71 as 0.75, 0.832, and 0.0208, respectively [36]. The
variables T; and T, are the collector inlet temperature and the ambient temperature, respec-
tively.

2.3.3 Thermal storage tank

Type 4a stratified storage tank with uniform losses is used for this TRNSYS simulation. This is
a hot water storage tank that stores the necessary thermal energy needed to reach the required
98 °C for regeneration in the chiller. Stratification of the storage tank improves system perfor-
mance by lowering the return temperature of the solar collector which increases its efficiency
and operating hours. Figure 8 shows the energy balance diagram for the storage tank.

Energy Input

l

Energy

Accumulation [ > Energy Loss

!

Useful

Energy
Figure 8. Energy balance diagram for the hot water tank.
2.3.4 Auxiliary heater

Type 6 auxiliary heater is incorporated into the system in TRNSYS simulation to provide aux-
iliary thermal energy for low irradiation periods to keep the cooling temperatures within the
required limits. The auxiliary heater only turns on when the inlet fluid temperature is less than
the set point temperature of 98 °C. Whenever the auxiliary heater is switched on, the following
equation is used to model the heat energy (Quoiier) required to increase the temperature of the
heating fluid from the storage tank outlet temperature to the desired chiller inlet temperature.
Whenever the auxiliary heater is switched on, the following equation is used to model the heat
energy (Quoiler) required to increase the temperature of the heating fluid from the storage tank
outlet temperature to the desired chiller inlet temperature.

10
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Qpoiter = mCp (T, — T;) (8)
2.3.5 Other TRNSYS components

The weather data is processed using the Type 109 Weather data reader and processor com-
ponent of TRNSYS. The component is used to read and process weather data which includes
solar radiation properties and ambient temperature for a given area as shown in Figure 9 and-
Figure 10, respectively. It does this by calculating the incident radiation on the surface of the
solar collectors which were tilted at 30° towards the north, with a surface azimuth angle of 0°
and consideration of 0.2 ground reflectance [37].

Total incident radiation over January
— Radiation_Total

5000

3900

2800

1700

Radiation (kj/h.m2)

-500
0.0 62.0 1240 186.0 248.0 310.0 3720 434.0 496.0 558.0 620.0 682.0 744.0
Simulation Time =744.00 [hr]

Figure 9. Maseru radiation profile for January.

Ambient temperature over January
— Ambient_Temp

50.00

40.00

30.00

Temperature (°C)

20.00

10.00

0.00
0.0 62.0 1240 186.0 248.0 310.0 3720 434.0 496.0 958.0 620.0 682.0 744.0
Simulation Time =744.00 [hr]

Figure 10. Maseru ambient temperature for January.

Supporting components used in the system include a Type 12b load, Type 3b-2 fluid

pump, Type 65d online graphical plotter, Type 25 system printer, Type 24 quantity integrator,
and Type 55 periodic integrator.

TRNSYS has several components that have different design parameters and the

choice depends on factors such as the load for which it is designed and atmospheric condi-
tions. Some of the most crucial TRNSYS system parameters are shown in Table 3.

11
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Table 3. Typical operating parameters used in TRNSYS modeling.

Parameter | Description
Hot water single-effect absorption chiller

Cooling load 7.318 kW
Chilled water set point 6.1 °C
Chilled water flow rate 628.75 kg/h
Hot water inlet temperature 98 °C

Hot water flow rate 1232.08 kg/h
Cooling water inlet temperature 20 °C
Cooling water flow rate 1846.68 kg/h
Solar collectors

Fluid inlet flow rate 1232.08 kg/h
Slope 30°

Storage tank

Tank type Stratified

Hot side and cold side flow rate 1232.08 kg/h
Fluid density 1000 kg/m3
Auxiliary heater

Set point temperature | 98 °C

2.4 System performance metrics

In this TRNSYS simulation, collector efficiency is measured monthly and seasonally. This col-
lector efficiency (n) is expressed as the ratio of the useful gain (Quserwr) Over a specific period
to the incident radiation (Gr) and collector area (Ac) over the same defined period as shown in
the following equation:

_ fQuseful
m= T 9)

The periodical (monthly or seasonal) solar fraction (SF) was computed in TRNSYS to
determine the contribution of solar energy to the system using Equation (10).

f qun

SF = ———"—
Iqun+f Qboiler

(10)

Where, Quoier is the thermal energy received from the auxiliary boiler and Qsun is the
thermal energy received from the sun.

Primary energy savings is computed in TRNSYS using Equation (11). The reference
system is an electrically operated absorption chiller. Variables Qpoiier and Qcooiing rerare the heat
energy provided by the auxiliary boiler, and the cooling energy supplied by the conventional
refrigerating system, respectively. The variables nuoier, €neat, and ¢ are the efficiency of the
boiler, the conversion efficiency of fossil fuel supplying the boiler, and the heat-providing elec-
tricity efficiency, respectively. COPrr is the rated efficiency of the absorption chiller.

( beoiler )
€heat"boiler (1 1 )
(f QCOOliTlg,T'ef)

COPpefee)

PES=1-

The term inside the brackets in Equation (11) is the ratio of the primary energy consumption
of a solar thermal system contributed by an auxiliary boiler to the primary energy consumption
of a reference absorption system using traditional energy sources to meet the same load. The
values of €reat, €alec, aNd COPrr were estimated as 0.7, 0.4, and 1.0 [38].
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The exergy efficiency of an absorption chiller can be defined as the ratio of the actual cooling
output to the maximum possible cooling output that could be obtained if the chiller operated at
Carnot efficiency between the source and sink temperatures. Exergy efficiency is sometimes
referred to as the second-law efficiency and is used to evaluate the effectiveness of the system
relative to an idealized or reversible system equivalent [39]. This is a more comprehensive
comparison, giving a more realistic representation of the system’s efficiency. Exergy efficiency
considers not only the energy quantity, but also its quality from a thermodynamic perspective.
The exergy efficiency of an absorption chiller can be calculated using Equation (12).

Nexergy = Qc * Ncarnot (12)

Where Qc is the cooling output demand and ncamo is the Carnot efficiency. The Carnot effi-
ciency for cooling can be calculated using Equation (13):

Ncarnot = (%) -1 (13)

Where T. is the temperature of the cooling medium and T, is the ambient temperature.

The most crucial performance indicator for the absorption chiller is the coefficient of perfor-
mance, defined in TRNSYS as:

cop = e (14)

Qaux*Qhw

Where Qcnw is the energy removed from the chilled water stream, Q.uxis the energy drawn by
parasitic energy consumers, and Qn is the energy removed from the hot water stream.

2.5 Economic analysis

The financial analysis encompasses several key steps, starting with data from the TRNSYS
simulation to obtain the necessary input parameters. Data was gathered on solar radiation
levels, system performance characteristics, capital costs, operational and maintenance ex-
penses, and discount rates. With this data, mathematical models that estimate electricity gen-
eration, operating costs, and financial indicators were developed. The implementation of the
economic feasibility study involved leveraging MATLAB’s capabilities to perform the required
calculations.

Table 4 shows all the parameters used in determining the economic metrics. To determine the
LCOE, NPV, SIR, and DPP for solar thermal absorption systems, the following method was
employed. The lifetime for these systems is assumed to be 20 years. The discount rate applied
was 7.75% equivalent to the Central Bank of Lesotho’s average prime lending rate [40]. The
capital cost per kW was estimated at $6,000 as typical for cooling systems, and since the
system capacity is 7.318 kW, the total initial investment required was, therefore, $42,828. Ad-
ditionally, the annual operational and maintenance cost was estimated to be 4% of the capital
cost each [41]. The annual returns for the solar thermal absorption systems were determined
based on the energy savings achieved for each COP simulation. To calculate these annual
returns, the energy savings resulting from each COP simulation were quantified. Once the
energy savings were estimated, they were multiplied by the 2023/2024 Lesotho general-pur-
pose electricity tariff rate of M1.9624 ($0.053) to determine the corresponding annual financial
returns [42].

Table 4. Relevant parameters used in economic analysis.

Parameter Value
System Lifetime 20 years
Discount rate 7.75%
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Initial investment $ 42,828
Annual operation cost 4%
Annual maintenance cost 4%

Firstly, the Total Capital Cost (TCC) is calculated by multiplying the system capacity with
the capital cost per kW. This provides an estimate of the total investment required for the sys-
tem. Subsequently, the annual operation and maintenance cost is determined by taking 4% of
the TCC. These costs represent the ongoing expenses associated with the system. The An-
nual Energy Production (AEP) is calculated based on the annual average solar irradiance in
Lesotho, which is 2000 kWh/m?, multiplied by the system capacity [43]. This estimation indi-
cates the annual energy output that the solar thermal absorption system is expected to gener-
ate.

To calculate the LCOE, the present value of the O&M costs and the present value of the
energy production were needed. The present value of the O&M costs was obtained by dis-
counting the annual O&M cost over the system lifetime using the chosen discount rate. Simi-
larly, the present value of the energy production is obtained by discounting the AEP over the
system’s lifetime. The LCOE is then determined using Equation (15).

z I++M¢+F¢
LCOE = Lifetime Cost _ t=1 @+t
Lifetime Energy Production Zn

- (15)
t=1 (141t

Where I; is the investment expenditure, M; is the operational and maintenance expend-
itures, F:is the fuel expenditure, E; is the cooling output, r is the discount rate, and n is the
expected lifetime of the system. These variables, except for n, are accounted for over a year.

The NPV wass calculated using Equation (16). The present value of the annual returns
is obtained by discounting the projected annual returns based on different COP simulations
(0.5, 0.65, and 0.8) over the system lifetime.

(R-0)
(1+ad)t

NPV =—C+Y (16)

Where C is the initial capital cost of the STC system, R is the annual energy cost sav-
ings generated by the system, O is the annual operating cost of the system, and d is the dis-
count rate which represents the opportunity cost of investing in the system, and t is the year of
the cash flow.

The SIR was obtained by using Equation (17). This ratio indicates the financial attrac-
tiveness of the project, with a higher SIR value indicating a more favourable investment.

SIR ==~ (17)

Where C is the initial capital cost of the STC system.

Lastly, the DPP was determined by identifying the year in which the cumulative cash
flow becomes positive using Equation (18).

C—Z Fe+1
DPP = t + — Gt (18)

1+t

Where t is the year when the cumulative discounted cash inflows from energy cost
savings first exceed the initial investment cost of the system, C is the initial capital cost of the
STC system, F; is the net cash flow in year t (equal to the energy cost savings minus the
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operating cost of the system), and d is the discount rate which represents the opportunity cost
of investing in the system. The denominator of the equation represents the discounted cash
inflows from energy cost savings generated by the system after the payback period, while the
numerator represents the remaining discounted cash outflows required to recover the initial
investment cost.

3. Results
3.1 TRNSYS analysis

Three different scenarios were simulated with three different absorption chillers having COP
rated at 0.5, 0.65, and 0.8. The cooling load was determined by Danfoss Cool-Selector soft-
ware as 7.318 kW.

3.1.1 Solar fraction

The solar fraction which represents the fractional contribution of the solar thermal collectors to
the system’s energy demand serves as one of the primary metrics for evaluating the cooling
system’s effectiveness. In cases where the solar fraction is not equal to one (1), the additional
energy needed is provided by the auxiliary boiler. The results obtained from the TRNSYS sim-
ulation of a solar thermal absorption cooling system using different collector areas shown in
Figure 11 provide valuable insights into the system’s performance and its ability to meet cool-
ing demand using solar energy for three different chiller-rated COP values (0.5, 0.65, and 0.8).

Peak solar fraction vs. collector area
m Rated COP(0.5) = Rated COP(0.65) = Rated COP(0.8) @(

0.75

SF g5
(peak)

0.2%

s
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12 16 20 24

. z
Collector area (m”~)

Figure 11. Variation of solar fraction with collector area for the system.

Starting with the simulation with a rated chiller COP of 0.5, when the collector area was
4 m?, the solar fraction was found to be 0.1258, indicating that the solar thermal system can
meet approximately 12.58% of the cooling load. As the collector area increased to 8 m?, the
solar fraction also increased to 0.2441, representing a significant improvement in system per-
formance.

With further increases in the collector area to 8 m?, 12 m?, 16 m?, and 20 m?, the solar
fraction increased to 0.4576, 0.6457, 0.8140, and 0.9743, respectively. The solar fraction val-
ues over January for the chiller rated COP of 0.5 and collector area of 12 m? are shown in
Figure 12. These results demonstrate a substantial enhancement in the system’s efficiency
and its ability to meet a larger portion of the cooling load through solar energy utilization. This
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aligns with the findings in a parametric study of a solar absorption cooling system by Sokhanse-
fat et al. [44]. Sokhansefat et al. used evacuated tube collectors, a single-effect absorption
chiller, an auxiliary heater, and a storage tank.

Daily Solar Fraction for January (COP=0.5)
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Figure 12. Hourly solar fraction for January when rated COP is 0.5.

When the rated chiller COP was 0.5, the solar fraction values were relatively low com-
pared to the other two cases. This suggests that the chiller's efficiency was relatively low,
requiring a larger portion of the cooling load to be met by non-solar sources. When the rated
chiller COP was increased to 0.65 and 0.8, higher solar fraction values for all collector areas
were observed. This indicates that the more efficient chiller allows the solar thermal system to
supply a greater proportion of the cooling load. The solar fraction graphs over January for the
rated COP of 0.65 and 0.8 are shown in Figure 13 and Figure 14, respectively.
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Figure 13. Hourly solar fraction for January when rated COP is 0.65.
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Figure 14. Hourly solar fraction for January when rated COP is 0.8.

Furthermore, with a collector area of 12 m?, the solar fraction for the system with a
chiller-rated COP of 0.8 reached its maximum value of 1. This implies that the solar thermal
system can fully meet the cooling load using solar energy alone with collector temperatures up
to 111 °C as shown in Figure 15, achieving the optimal system sizing for the given conditions.
Achieving a solar fraction of 1 is highly desirable as it signifies complete reliance on renewable
energy sources for cooling needs. This is consistent with findings by Ugkan and Yousif con-
firming that the evacuated tube collectors can reach the solar fraction of 1 in the absorption
cooling [45]. In their study, Ugkan and Yousif used TRNSYS to determine the effect of various
solar collector types on a solar absorption cooling system. While the trends observed are sim-
ilar, it is worth noting that the system sizes are not comparable as Ugkan and Yousif achieve
a solar fraction of 1 with an evacuated tube collector area of 140 m? to support a cooling ca-
pacity of 35 kW.

Daily Collector Temperatures for January
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Figure 15. Hourly collector outlet temperatures for January.

The solar fraction values obtained for the different collector areas (4 m? to 24 m?) exhibit
an increasing trend, which is generally expected, as can be seen in findings by Eicker and
Pietruschka in their design of solar-powered absorption cooling systems [46]. However, the
augmentation rate appears to diminish as the collector area gets larger. This trend is due to
factors such as diminishing returns, system losses, and limitations in system efficiency. Nev-
ertheless, across all three cases (rated COP of 0.5, 0.65, and 0.8), a general trend is observed
a general trend where increasing the collector area leads to higher solar fractions.
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This shows a positive correlation between the collector area and solar fraction in a solar
thermal absorption cooling system. A larger collector area allows for the capture of more solar
energy, leading to a higher solar fraction and increased utilization of solar thermal energy for
the cooling system. However, it is important to consider other factors such as cost and availa-
ble space.

3.1.2 Collector efficiency

The system’s performance in terms of collector efficiency response to different collector slopes
is shown in Figure 16.

Collector efficiency vs. collector slope
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Figure 16. Collector efficiency graphs for collector slopes.

The results presented reveal the collector efficiency at various slope angles (0°, 15°,
30°, 45°, and 60°) for a solar thermal system in Maseru, Lesotho. The corresponding efficiency
values for each slope angle are 0.653, 0.658, 0.6631, 0.6592, and 0.6534, respectively. These
results demonstrate a slight variation in collector efficiency as the slope angle changes. The
observed trend aligns with the expected behaviour of solar collectors and the influence of slope
angle on efficiency. It is important to note that the collector efficiency peaked at a slope angle
of 30°, which is closer to the optimal angle associated with the latitude of Maseru (29.3°).

At a slope angle of 0° (horizontal), the collector efficiency was 0.653. This relatively low
efficiency can be attributed to reduced solar radiation absorption when the collector is parallel
to the ground. In this position, the collector surface receives sunlight at a less optimal angle,
resulting in lower energy capture and efficiency. The decrease in efficiency is due to the re-
duced exposure of the collector surface to the sun’s rays, leading to decreased energy absorp-
tion. As the slope angle increased to 15° and 30°, the collector efficiency gradually improved,
peaking at 30°. This trend can be explained by the increased alignment of the collector surface
with the incident radiation as the slope angle approaches the optimal angle. At these angles,
more solar radiation is incident on the collector surface, resulting in enhanced energy capture
and higher efficiency. The improved alignment allows for better utilization of the available solar
resource throughout the day, thus maximizing energy absorption. However, at a slope angle
of 45° and 60°, the collector efficiency decreased slightly to 0.6592 and 0.6534, respectively.
This decline can be attributed to the steeper slope angle which misaligns with the optimum
incident radiation angle, hence limiting the energy absorption and decreasing the overall effi-
ciency.

Additionally, it is noteworthy that the observed trends in collector efficiency remain con-
sistent for different COP values (0.5, 0.65, and 0.8). This indicates that the COP does not
directly influence collector efficiency as it primarily relates to the performance of the entire
system, including components beyond the collector itself. Considering Maseru’s latitude of
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29.3°, it is expected that the collector efficiency would be higher at a slope angle closer to this
latitude. The alignment of the collector surface with the sun’s rays at a slope angle of 30° which
is in proximity to the latitude, leads to higher energy capture and increased efficiency. This
alignment ensures a more optimal angle of incidence for solar radiation throughout the year.

3.1.3 Primary energy savings (PES)
The fractional PES variation with the increasing collector area for the rated COP of 0.5, 0.65,

and 0.8 are shown in Figure 17. The PES metric was simulated relative to a conventional
electrical compression system.

Primary energy savings vs. collector area

B Rated COP(0.5) = Rated COP(0.65) = Rated COP(0.8)
0.75

0.
P.E.S
0.2 |
4 8 12 16 20

Area(m?)

(8]

o

o

Figure 17. Monthly primary energy savings for different collector areas for January.

For a rated COP of 0.5, when powering the system with a collector area of 4 m?, the
simulation results yielded fractional primary energy savings of 0.3517. This indicates that the
solar thermal absorption cooling system could achieve approximately 35.17% monthly primary
energy savings compared to a conventional electrical compression system. Having increased
the collector area to 8 m?, the fractional primary energy savings increased to 0.3826, indicating
a higher level of monthly energy savings. This suggests that a larger collector area substan-
tially reduces the primary energy consumption compared to the conventional electrical com-
pression system. With further increases in the collector area to 12 m?, 16 m?, and 20 m?, the
fractional primary energy savings continued to improve with values of 0.4123, 0.4418, and
0.4707, respectively. These results highlight the enhanced performance of the solar thermal
absorption cooling system as the collector area increases, emphasizing the importance of
larger collector areas for achieving significant primary energy savings.

For the COP of 0.65 and 0.8, the same trend was observed with the increasing collector
area, and better yet, with much larger energy savings for higher COP. Energy savings ob-
served for the rated chiller COP of 0.65 and 0.8 were 34% and 54% higher than those observed
for the rated chiller COP of 0.5. This increase in energy savings due to an increase in COP
can further be corroborated in Figure 18, Figure 19, and Figure 20. It can be observed that
less auxiliary energy is required for a higher-rated COP. When the COP was 0.5, 0.65, and
0.8, the required auxiliary energy was 36,425 kJ/h, 29,092 kJ/h, and, 24,595 kJ/h respectively.
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Figure 20. System contribution of collector and auxiliary energy for rated COP of 0.8.
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Figure 18. System contribution of collector and auxiliary energy for rated COP of 0.5.
Contribution of Solar Energy and Auxiliary Energy (COP=0.65)
4.00E+04
3.16E+04
2.32E+04
1.48E+04
6.40E+03
-2 00E+03
0.0 62.0 124.0 186.0 245.0 310.0 372.0 434.0 496.0 558.0 £620.0 £82.0 744.0
Simulation Time = 744.00 [hr]
—— Collector Energy Output — Auciliary Energy Output
Figure 19. System contribution of collector and auxiliary energy for rated COP of 0.65.
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The simulation results make apparent the positive impact of increasing the collector
area and COP on the fractional primary energy savings of a solar thermal absorption cooling
system. Larger collector areas enable the system to capture more solar energy, resulting in
higher energy savings and reduced reliance on conventional electrical compression systems.
These results are congruent with the findings by Figaj et al. in the feasibility study of a small-
scale hybrid dish/flat-plate solar collector system as a heat source for the absorption unit [47].
Their design supported a 17 kW cooling load. They used the optimum concentrator area of 1.6
m? per KW of the nominal cooling power of the absorption chiller which is similar to the designed
solar thermal absorption system for a 12 m? collector area and observed 50% primary energy
savings. Additionally, a larger COP value implies that the absorption chiller can provide a
greater amount of cooling while consuming less energy, signifying a more effective utilization
of the heat source and efficient conversion of energy into cooling.

The results shown in Figure 21 are obtained from simulations of a solar thermal ab-
sorption cooling system considering the different chiller-rated COP values and varying hot stor-
age volumes.

Primary energy savings (P.E.S) vs. Storage Volume
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Figure 21. Primary energy savings variation with hot storage volume.

The system was first simulated for a rated chiller COP of 0.5. Without hot storage vol-
ume, the fractional primary energy savings of 0.5596 were observed. This result indicates that
the system achieves approximately 55.96% monthly energy savings compared to the conven-
tional electrical compression cooling system which was used as the reference. With a hot stor-
age volume of 0.2 m3, 0.4 m3, 0.6 m3, 0.8 m?, and 1 m?, the fractional primary energy savings
decreased to 0.5286, 0.5002, 0.4702, 0.4411, and 0.4123, respectively. This suggests that the
system achieves approximately 52.86%, 50.02%, 47.02%, 44.11%, and 41.23% energy sav-
ings compared to the reference. The simulation results demonstrate that as the hot storage
volume increases, the primary energy savings of the solar thermal absorption cooling system
decrease. This suggests that there is an optimal balance between the direct utilization of solar
thermal energy and storage capacity for maximizing energy savings.

With a higher chiller-rated COP of 0.65, the primary energy savings are generally higher
compared to the COP of 0.5, and for a chiller-rated COP of 0.8, the primary energy savings
are significantly higher compared to the previous two cases. However, the trend remains the
same, with the increasing hot storage volume leading to reduced energy savings. The highest
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savings are achieved without thermal storage, and as the storage volume increases, the en-
ergy savings decrease. This is because larger thermal storage systems typically have higher
standby losses

3.1.4 Exergy efficiency

The exergy efficiency indicates the effectiveness of the system in converting available energy
into useful cooling, taking into account the quality of the energy and the irreversibilities within
the system. Figure 22 shows the relationship between the chiller-rated COP and the exergy
efficiency.

Exergy efficiency (E.E) vs. rated COP
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Figure 22. Exergy efficiency for different values of collector area.

Simulations were conducted with an elevated chiller-rated COP of 0.5, 0.65, and 0.8
yielding an increased exergy efficiency of 0.1992, 0.2591, and 0.3189, respectively. This dis-
cernible improvement suggests a more effective conversion of the available exergy input into
useful work or cooling, demonstrating enhanced energy utilization capabilities within the sys-
tem. Furthermore, Asadi et al. have provided supporting evidence for the validity of these re-
sults in their thermo-economic analysis and multi-objective optimization of absorption cooling
systems driven by various solar collectors [34]. They found a closely similar exergy efficiency
value of 0.236 and COP of 0.66 for 10 kW while using evacuated tube collectors for a cooling
load of 10 kW. Furthermore, these findings align with those by Aman et al. in the energy and
exergy analysis of an absorption cooling system in Canada. Their cooling load was 10 kW and
they used chiller generator temperatures up to 90 °C, achieving the exergy efficiency of 0.32
[48]. Their slightly higher exergy efficiency is likely due to lower ambient temperatures in Can-
ada. As the ambient temperature increases, the temperature difference decreases, resulting
in a decrease in the Carnot efficiency. The Carnot efficiency represents the maximum possible
efficiency of a heat engine operating between two temperature reservoirs. It is given by the
temperature difference between the hot and cold reservoirs.

3.2 Economic impact analysis

MATLAB was used for the economic impact analysis of the STC system to determine the cost
implication and economic feasibility of the system. Four economic metrics (LCOE, NPV, SIR,
and DPP) were evaluated for different system technical performance metrics to find a balance
between performance and economic viability.

The obtained results demonstrate that the LCOE for the solar thermal absorption cooling sys-
tem is influenced by the rated COP as shown in Figure 23.
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Figure 23. | COE for variation for different COP values (0.5, 0.65, and 0.8).

Specifically, for a rated COP of 0.5, the LCOE was determined to be $0.13/kWh. As the
rated COP increases to 0.65, a reduction in LCOE was observed, resulting in a value of
$0.103/kWh. This reduction signifies that electricity production costs decrease as the system’s
COP improves. Furthermore, at a rated COP of 0.8, the LCOE further declines to $0.085/kWh,
underscoring the cost-effective nature of the system under higher COP values. A lower LCOE
of $0.039/kWh was observed by Ayadi and Al-Dahidi with COP of 0.79 [49]. This could be due
to economics of scale as their cooling capacity was much higher at 160 kW.

These findings highlight the significance of higher COP values in achieving lower LCOE
for the solar thermal absorption cooling system. The increase in COP signifies enhanced en-
ergy efficiency, leading to substantial cost savings in system operation. A higher COP indicates
that the system can deliver more cooling per unit of input energy, resulting in reduced operating
costs, and consequently, a lower LCOE. Drawing a comparison between these LCOE values
and the average electricity cost of $0.10/kWh for refrigeration in Lesotho, several noteworthy
observations arise: The first is, the solar thermal absorption cooling system demonstrates a
less economical LCOE ($0. 0.13/kWh) at the lowest COP of 0.5 compared to the prevailing
average electricity cost of $0.10/kWh. This suggests that the system presents a relatively costly
alternative for refrigeration needs, higher than the conventional electricity costs at this specific
COP value. However, as the COP rises, the LCOE proportionally decreases, indicating en-
hanced cost-effectiveness. At a COP of 0.65, the LCOE drops to $0.103/kWh. This establishes
that the solar thermal absorption cooling system could be a viable and economical option when
juxtaposed with the average electricity cost in the region. Lastly, at its peak efficiency with a
COP of 0.8, the solar thermal absorption cooling system achieves a significantly reduced
LCOE of $0.085/kWh, signifying substantial cost advantages in refrigeration operations com-
pared to the prevalent regional electricity tariffs.

The NPV versus COP graph shown in Figure 24 represents the quantification of the
present value of both cash inflows and outflows over the system’s projected operational
lifespan of 20 years while considering the time value of money discounted at an annual rate of
7.75%.
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Figure 24. NPV for different COP values (0.5, 0.65, and 0.8).

When considering the solar thermal absorption cooling system with a COP of 0.5, the
negative NPV of -$3,830 suggests a less favourable financial outlook. The negative NPV im-
plies that the costs associated with the system including the initial investment and ongoing
expenses exceed the expected benefits and cash inflows. Consequently, this indicates that
the investment may not be financially attractive under these circumstances. Conversely, a
COP of 0.65 demonstrates a positive NPV of $1,790, therefore suggesting a more favourable
financial scenario. The positive NPV indicates that the benefits and cash inflows generated by
the system outweigh the associated costs, resulting in a net positive value. This implies that
the investment is expected to generate a profit and yield a satisfactory return on investment
during the system’s operational lifespan. Furthermore, for a COP of 0.8, the solar thermal ab-
sorption cooling system exhibits a significantly higher NPV of $9,200. This notable positive
NPV underscores the enhanced profitability potential of the investment. The substantial posi-
tive NPV suggests that the expected cash inflows including energy cost savings and potential
revenue streams surpass the costs by a substantial margin, indicating a financially lucrative
investment opportunity.

The graph shown in Figure 25 indicates that for a COP of 0.5, the DPP is undefined as
the cumulative discounted cash flows amount to -$3,768.5 in year 20. In contrast, for a COP
of 0.65, the DPP was projected to be 18 years, while for a COP of 0.8, the DPP was projected
to be 12 years considering the system’s operational lifespan of 20 years.

..10*% Discounted Payback Period - Cash Flow Scenarios

Ak T N

Cumulative Discounted Cash Flows

— & COP(D5) | |
——s— COP{0 .65}
COP(0.8}

1 1 1 1 I 1 1 1
o 2 4 (5] 8 10 12 14 16 18 20
Year

Figure 25. DPP for different COP values (0.5, 0.65, and 0.8).

The absence of a defined DPP for a COP of 0.5 signifies that the cumulative discounted
cash flows fail to recover the initial investment within the 20-year time horizon. The negative
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cumulative discounted cash flows of -$3,768.5 indicate that the system’s cash outflows con-
tinue to exceed the discounted cash inflows throughout the entire duration. This finding raises
concerns about the system’s financial sustainability, suggesting an inability to recoup costs
and generate positive returns within the specified timeframe. Conversely, a COP of 0.65
demonstrates a projected DPP of 18 years, indicating that the cumulative discounted cash
flows from the solar thermal absorption cooling system are anticipated to surpass the initial
investment within this timeframe. The positive DPP value suggests that the system achieves
self-sufficiency and generates sufficient cash inflows to offset the discounted cash outflows by
the end of the 18™ year. This implies an eventual return on investment, although, not within a
reasonable timeframe. However, for a COP of 0.8, the solar thermal absorption cooling system
exhibits a relatively shorter DPP of 12 years. This implies that the system is expected to re-
cover the initial investment and yield positive cumulative discounted cash flows within the initial
12 years of operation. This shorter DPP indicates a more accelerated return on investment for
this specific COP scenario; it is closely similar to the pay-back period of 11 and 13.5 years
found by Abed et al. for two scenarios in techno-economic analysis of solar-assisted combined
absorption cooling cycle [50]. Their system design, with a cooling load of 5 kW and collector
area and hot storage tank volume of 8.5 m? and 0.35 m? respectively, was also relatively com-
parable to the designed solar thermal absorption cooling system when the collector area was
setto 12 m2.

Within the context of a 20-year system lifespan shown in Figure 26, the SIR reaches 1
in year 17 for a COP of 0.5, year 15 for a COP of 0.65, and year 13 for a COP of 0.8.
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Figure 26. SIR for different COP values (0.5, 0.65, and 0.8).

For a COP of 0.5, the SIR reaching 1 in year 17 indicates that the cumulative savings
gradually accumulate over the system’s operational life, ultimately equalling the initial invest-
ment in the 17th year. The longer time required to achieve a SIR of 1 in this scenario can be
attributed to the lower COP, which leads to slower savings accumulation and a comparatively
delayed break-even point. While the investment eventually becomes financially sustainable,
the extended recovery period raises concerns regarding the system’s overall profitability and
financial attractiveness. On the contrary, a COP of 0.65 demonstrates an earlier break-even
point, with the SIR reaching 1 in year 15. The relatively higher COP contributes to more efficient
energy utilization and cost savings, resulting in a faster recovery of the initial investment. This
accelerated timeline indicates a favourable return on investment and enhances the system’s
financial prospects. Furthermore, the highest financial performance was observed with a COP
of 0.8, where the SIR reached 1 in year 13. The system’s superior energy efficiency driven by
the higher COP facilitates significant cost savings and a more rapid recoupment of the initial
investment. The shorter time to achieve a SIR of 1 underscores the system’s enhanced finan-
cial profitability and strengthens its value proposition. This outcome emphasizes the ad-
vantages of investing in a system with a higher COP as it leads to faster savings accumulation
and an earlier break-even point.
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3.3 Optimal system design

The design of the optimal system starts with the choice of a chiller with a higher-rated COP
value of 0.8, as it results in higher solar fraction values and greater utilization of solar energy
for meeting the cooling load. Moreover, a larger collector area is opted for, as it leads to higher
solar fraction values and increased solar thermal energy utilization. The optimal collector area
of 12 m? allows for higher solar fraction and higher primary energy savings without costly col-
lector oversizing. The optimal storage volume of 0.2 m® was selected to allow adequate thermal
storage without much trade-off with the primary energy savings. This is because an increase
in thermal storage requires more auxiliary energy to get the tank to hot water set-point temper-
ature.

In consideration of economic metrics, The LCOE showed that the system achieved its
lowest value at a rated COP of 0.8 with an LCOE of $0.085/kWh. This indicates that the STC
system becomes more cost-effective as the COP increases, resulting in lower electricity pro-
duction costs. The NPV analysis demonstrated the most favourable outcome for a COP of 0.8.
At this COP, the NPV reached $9,200, indicating a significant positive value. This positive NPV
implies that the benefits and cash inflows generated by the system outweigh the associated
costs, making the investment financially lucrative. Regarding the DPP, the best performance
was achieved with a COP of 0.8. The STC system exhibited a DPP of 12 years, indicating that
the initial investment is expected to be recouped within this timeframe. This shorter DPP sug-
gests a more rapid return on investment and enhances the financial feasibility of the system.
Lastly, the SIR also highlighted the superior performance of the STC system at a COP of 0.8.
The SIR reached 1 in year 13, indicating that the cumulative savings surpassed the initial in-
vestment within that timeframe. This accelerated break-even point further emphasizes the sys-
tem’s financial viability and attractiveness. Considering both technical and economic factors,
the optimal system choice from all the parametric analyses involves a chiller with a COP value
of 0.8, a collector area of 12 m?, and a 0.5 m?® hot storage volume. This combination maximizes
the system’s ability to meet a cooling load of 7.318 kW using solar energy. It also improves
energy efficiency and offers cost-effective operation compared to conventional electricity costs.

4. Conclusions and recommendations

A comprehensive exploration was made of the history and challenges of food preservation and
refrigeration, tracing the shift from ancient methods to modern refrigeration. A detailed litera-
ture review on solar thermal refrigeration was conducted, introducing its principles and com-
ponents. Analysis was made on solar collectors, thermal storage, and the refrigeration cycle.
STC technologies such as adsorption, absorption, and desiccant cooling were explored, em-
phasizing their principles and performance metrics. Mathematical models for these cooling
technologies were presented. The methodology outlined a systematic approach to designing,
simulating and economically analysing a STC system for fresh agricultural produce preserva-
tion in Lesotho. The choice of absorption cooling technology in modelling, its alignment with
FAO recommended storage conditions and system simplicity were justified. TRNSYS was se-
lected for simulation due to its transient system behaviour capabilities. Also, the geographical
and temporal focus was explained. Furthermore, through the economic analysis, the simulation
methodology, collector modelling, control strategies, and input specifics were described. Sen-
sitivity analysis, essential for real-world uncertainties, outlined variations in collector efficiency,
vegetable storage needs, and economic variables’ impact on system performance and finan-
cial viability.

The results demonstrated the successful design and economic analysis of the cooling
system. TRNSYS showed the system’s efficiency in meeting cooling needs, emphasizing the
significance of optimal sizing and hot storage volume on performance. The research demon-
strates the effectiveness and economic viability of the designed STC system for preserving
fresh agricultural produce. The economic impact analysis conducted using MATLAB provided
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essential insights into the cost implications and financial feasibility of the system. Metrics such
as LCOE, NPV, SIR and DPP were considered, revealing that a chiller with a higher-rated COP
value of 0.8, a collector area of 12 m? and a hot storage volume of 0.2 m? represents the
optimal system design. This configuration maximizes solar energy utilization, resulting in
higher solar fraction values and improved energy efficiency. It also offers cost-effective opera-
tion, with a lower LCOE of $0.085/kWh, a higher NPV of $9,200, a relatively short DPP of 12
years, and an early break-even point at year 13 according to the SIR analysis. These results
underscore the financial feasibility and profitability of the STC system, making it an appealing
investment option for refrigeration needs in the region. To enhance cost-effectiveness, it is
recommended to consider larger-scale installations, invest in advanced materials and technol-
ogies, prioritize local manufacturing, explore government incentives and implement proactive
maintenance. Additionally, long-term financing options and hybrid system integration can fur-
ther improve affordability.

While this study is comprehensive, it is essential to acknowledge that for simplicity, para-
sitic electrical energy consumers such as fluid pumps, electronic sensors and lights were not
accounted for. Recommendations for future research include exploring advanced optimization
techniques such as machine learning algorithms for precise system parameter adjustments.
This could boost overall performance. Also, developing dynamic models accommodating var-
ying weather conditions and real-time demand fluctuations to enhance system reliability and
accuracy. Moreover, conducting thorough analyses of market dynamics, policy frameworks,
and regulatory incentives to assess readiness and potential obstacles for STC technology
adoption.
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