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Abstract. The viability of an energy-sustainable greenhouse in Lesotho and notable, solar 
photovoltaic thermal (PVT) assisted greenhouse heating, cooling and dehumidification in 
weather conditions in Lesotho is established. Results for solar PVT assisted temperature 
regulation incorporating thermal load assessment, dehumidification modelling, and whole 
system simulation are presented for two representative locations analysed: Leribe in the 
lowlands, noted for being the agricultural site in Lesotho, and Mokhotlong in the highlands, 
typified by cooler weather and prolonged heating needs. The proposed solar PVT-assisted 
approach supported solar fractions of 87.6% in Leribe and 80.6% in Mokhotlong; energy 
savings of 6,764–6,936 kWh/year and CO₂ reductions of 1,740–1,944 kg/year; Net Present 
Values above US$ 53,000, Savings-to-Investment Ratios exceeding 3.0, and a discounted 
payback period of five years. The study results are encouraging and the next step is to set up 
a trial on a significant scale to further confirm the merits of solar PVT-assisted greenhouse 
microclimate control. 

Keywords: Solar Photovoltaic Thermal (Pvt), Renewable Heating, Renewable Cooling, 
Renewable Dehumidification, Energy Sustainable Greenhouse. 

1. Introduction

Greenhouse farming is on the increase worldwide due to the demand for year-round fresh 
produce, climate change adaptation and advancements in technology [1],[2]. Greenhouse 
infrastructure has great potential to enhance national food security and ultimately help UN 
member nations achieve the UN SDG goal number 2 on zero hunger. In the instant of Lesotho, 
a complex combination of environmental, social and economic factors, as summarised in 
Figure 1, have negatively impacted open farming agricultural productivity and in turn national 
food security, sparking a national interest in greenhouse farming. However, the adoption of 
greenhouse farming has presented another challenge to Lesotho’s agricultural sector as 
regards how to sustainably meet the energy demands of greenhouses in the pursuit of 
achieving UN SDG goal 7 on affordable and clean energy and goal 13 on climate action in the 
context of reducing greenhouse gas emissions in agriculture. Towards a solution, this study 
explores the feasibility of using solar energy to meet the energy demands of greenhouse 
farming in Lesotho. 
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Figure 1. Interplay of factors affecting Lesotho agricultural output and informing the adoption of 
greenhouse technology 

Application of solar technology to meet the energy consumption of greenhouses affords 
energy independence and sustainability. Therefore, this study is premised on the fact that 
greenhouses located in areas of high solar intensity such as Lesotho, can achieve 
sustainability and energy independence by incorporating solar into their energy source 
portfolio. Solar-founded greenhouse heating would result in negligible carbon emissions when 
compared to the non-solar based solutions, such as the common fossil fuel-based energy 
sources with high carbon emission rates. Using solar to offset the energy consumption has the 
potential to reduce the carbon footprint of greenhouses. 

Lesotho’s semi-arid climate, characterized by distinct seasons and extreme temperature 
variations, presents a challenge for year-round greenhouse farming. In particular, winter 
temperatures drop to below freezing making Lesotho one of the coldest countries in Africa and 
presenting a challenge for normal crop growth. Same time Lesotho has abundant solar energy 
with over 300 sunny days annually and daily sunshine lasting between 10.2 and 13.8 hours 
[3]. With its tremendous solar resources, Lesotho is a suitable candidate for feasibility studies 
on using solar energy in agriculture and more so, given that, to date none or limited studies 
have explored the incorporation of solar energy to meet the energy consumption of 
greenhouses in Lesotho. Against this background, this study explores utilizing the solar 
resource in greenhouses in Lesotho to maintain optimal growing conditions year-round, 
reducing dependence on traditional energy sources and enhancing the sustainability of the 
agricultural sector. Furthermore, the study uniquely contributes to understanding the techno-
economic feasibility of solar PVT technology in greenhouse heating and cooling in Lesotho. 

2. Materials and Methods 

2.1 Greenhouse Specifications 

Figure 2 is a photo image of the passive tunnel greenhouse popular in Lesotho. The essential 
features of this particular greenhouse design are the single polythene film, the metal frame, 
the access door and two windows for mechanical ventilation. Physically the greenhouse is 
described in terms of its length (L), height (H), width (W) and the length of the curved frame 
(C) as illustrated in the insert figure. Table 1 is a summary of the greenhouse technical 
specifications used in the thermal modelling. 
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Figure 2. Passive Tunnel Greenhouse Design Used in Lesotho. (a) photo-image (b) insert showing 
the physical dimensions. 

Table 1. Greenhouse Technical Specification  

Greenhouse Characteristics 
Dimensions (m) Length by Width by Height(10 × 5 × 4) 
Covering Material Single Polyethylene 
Surface Area A (m²) 50 
Overall Heat Loss Coefficient 𝑈𝑈𝑐𝑐 (W/m²K) 
[4] 

6.2  

Transmittance of Greenhouse Cover (𝜏𝜏1 ) 0.81 
Transmittance of Green Shedding During 
Hot Days (𝜏𝜏2)  

0.43  

Transmittance of Dark Green Shedding 
During Hot Days (𝜏𝜏2) 

0.19  

Absorbance of Greenhouse (α) 0.67 
Crop Characteristics 
Crop Type Tomato 
Minimum Required Temperature 𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 
(°C) 

18 

Maximum Required Temperature 𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 
(°C) 

24 

2.1 Climatic Data 

Lesotho weather varies depending on whether the location is in the highlands or lowlands. For 
correct analysis, two locations namely Mokhotlong district in the highlands characterised by 
very cold temperatures, Leribe district in the lowlands were considered. The daily and monthly 
maximum and minimum ambient temperature, and the daily and the monthly solar radiations 
for the selected locations measured for the whole year were obtained (Figure 3). The weather 
data was used with the greenhouse thermal model to assess the thermal heating needs of the 
greenhouse at the three locations. 
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Figure 3. Daily average ambient temperature and daily average solar radiation for Leribe and 
Mokhotlong, with inset map showing their locations in Lesotho 

2.3 Thermal (Heating and Cooling) Model 

Daily greenhouse heating and cooling energy requirements were computed using the following 
equations [ 4]: 

 𝑄𝑄ℎ,𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑚𝑚 [𝑈𝑈𝐿𝐿�𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑗𝑗� − 𝜏𝜏1𝛼𝛼𝑆𝑆𝑗𝑗, 0]  (1) 

 𝑄𝑄𝑐𝑐,𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑚𝑚 [𝑈𝑈𝐿𝐿�𝑇𝑇𝑗𝑗 − 𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚�+ 𝜏𝜏1𝜏𝜏2𝛼𝛼𝑆𝑆𝑗𝑗, 0] (2) 

Where: 𝑄𝑄ℎ,𝑗𝑗 in kWh/m2/day, is the greenhouse daily heating load during day j, 
  j is the number of the day of the year (𝑗𝑗 = 1, … 365),  
  𝑈𝑈𝐿𝐿 in kW/m2K, is the greenhouse effective overall heat loss coefficient, 
  𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 in ℃, is the minimum required optimal product cultivation temperature, 
  𝑇𝑇𝑗𝑗 in ℃, is the daily average ambient temperature during day j,  
  𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 in ℃, is the maximum required optimal product cultivation temperature;  
  τ1 is the transmittance of the greenhouse cover, 
  τ2 is the transmittance of the greenhouse additional cover during hot days, 
  𝛼𝛼 is the overall effective absorbance of the greenhouse,  
  𝑆𝑆𝑗𝑗 in kWh/m2/day, is the daily total solar radiation during day j, 
  𝑄𝑄𝑐𝑐,𝑗𝑗 in kWh/m2/day, is the greenhouse daily cooling load during day j. 

Equations 3 and 4 calculate daily heating and cooling demands for day j, constrained to a 
minimum of zero. Heating is necessary when the cumulative impact of losses at the minimal 
set-point surpasses solar gains. Cooling is necessary when external conditions elevate indoor 
temperatures beyond the maximum set-point. The yearly heating and cooling load 
requirements of a greenhouse can be calculated as: 

 𝑄𝑄ℎ = ∑ 𝑄𝑄ℎ,𝑗𝑗
365
𝑗𝑗=1  (3) 
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 𝑄𝑄𝑐𝑐 = ∑ 𝑄𝑄𝑐𝑐,𝑗𝑗
365
𝑗𝑗=1  (4) 

A typical greenhouse necessitates cooling when the ambient temperature is higher than 
the maximum set point temperature (𝑇𝑇𝑗𝑗 > 𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚) and heating when the ambient temperature 
falls below the minimum set point temperature (𝑇𝑇𝑗𝑗 < 𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚). Figure 4 depicts three distinct 
time periods characterised by varying energy requirements during the year in Lesotho, 
specifically cooling periods, heating periods and zero-energy-requirement periods. 

Figure 4. Operating periods of a greenhouse in Lesotho 

2.4 De-humidification Model 

A model for dehumidification requirements based on moisture balance is given by equation 5 
following after [5].  

 𝐸𝐸𝑑𝑑ℎ𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) = 𝐸𝐸𝑝𝑝(𝑡𝑡) − 𝐸𝐸𝑐𝑐(𝑡𝑡) − 𝐸𝐸𝑣𝑣(𝑡𝑡) (5) 

Where: 𝐸𝐸𝑑𝑑ℎ𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) is the dehumidification requirement at time t,  
  𝐸𝐸𝑝𝑝(𝑡𝑡) is the moisture added to the greenhouse by evapotranspiration at time t,   
  𝐸𝐸𝑐𝑐(𝑡𝑡) is the moisture removed or added to the air by condensation at time t,   
  𝐸𝐸𝑣𝑣(𝑡𝑡) is the moisture removal or gain due to air exchange at time t.  

2.5 Greenhouse Economic Analysis 

Economic calculations were performed in Microsoft Excel utilising input data from greenhouse 
thermal simulations, climatic conditions for Leribe and Mokhotlong, and the parameters 
provided in Table 2. Sensitivity analyses were conducted to assess the effects of fluctuations 
in electricity tariffs, discount rates, and tomato yields on the outcomes of NPV, SIR, DPP, and 
LCOE. 
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Table 2. Parameters Used in Economic Analysis 

Parameter Value 
Tomato yield (YT) 120 kg/m² 
Tomato price (PC) 1.20 US$/kg 
Electricity tariff (PE) 0.13 US$/kWh 
System lifetime (n) 25 years 
Discount rate (r) 7.75 % 
Annual O&M rate (α) 4 % 
Capital cost –greenhouse (CGH) 5400US$ 

Capital cost – solar system (𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆) 20250US$ 

2.6 Solar PVT System Sizing 

In this study sizing of a solar PVT was undertaken. Solar PVT, when compared with solar PV, 
is a modern technology that simultaneously supports electricity generation and thermal heat 
generation and offer higher overall energy output per unit area and higher efficiency than solar 
PV by utilising excess heat. In sizing the solar PVT system, the value of the largest thermal 
need as determined from the greenhouse thermal model as used. 

3. Results And Discussion 

3.1 Greenhouse Heating and Cooling Requirements 

Figure 5 presents the daily heating and cooling energy requirements for greenhouses located 
in Leribe and Mokhotlong, Lesotho. These requirements are shown over the span of one year, 
from Day 1 to Day 365, and are given in units of kWh/m² per day. The graphs identify the 
specific periods during which energy input is required to maintain optimal greenhouse 
conditions as well as highlight the differences in climate and load demand between the two 
locations. For the cooling requirements shading material was also factored in. Table 3 
summarises the heating and cooling loads. Figure 5 presents the daily energy requirements. 
For this work here tomatoe was selected as the example crop and Table 4 present the heating, 
cooling and zero-energy-requirement periods for the cultivation of tomato plants. 

Table 3. Greenhouse heating and cooling requirements for two selected sites in Lesotho 

Heating and Cooling Requirements kWh/m2/year 
District Heating Cooling (Green 

Shed) 
Cooling ( Dark green shed) 

Leribe 83.23 106.7 26.28 
Mokhotlong 97.06 55.83 0.867 
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Figure 5. Daily energy requirements for Leribe and Mokhotlong. 

Table 4. Greenhouse heating, cooling and zero-energy periods for the selected sites in Lesotho. 

Heating, Cooling and Zero-Energy Periods (Months) 
District Heating Cooling 

(Green 
Shed) 

Cooling ( 
Dark green 
shed) 

Zero-
Energy(Green 
Shed) 

Zero-
Energy(Dark 
green Shed) 

Leribe 4.0 5.4 3.7 2.6 4.3 
Mokhotlong 4.5 4.4 1.2 3.1 6.3 

3.2 Greenhouse Dehumidification Requirements 

Figure 6 presents the predicted average hourly moisture production or removal rate by 
evapotranspiration, air exchange and dehumidification for a greenhouse in Leribe and 
Mokhotlong. Here the moisture balance due to evapotranspiration (𝐸𝐸𝑝𝑝) and ventilation (𝐸𝐸𝑣𝑣), 
together with the corresponding dehumidification requirements (𝐸𝐸𝑑𝑑ℎ𝑟𝑟𝑟𝑟𝑟𝑟) in kg/h·m² are 
presented.  

 

7



Mokati et al. | Int Sustain Ener Conf Proc 2 (2026) "ISEC 2026 – 4th International Sustainable Energy 
Conference" 

 

Figure 6. Predicted moisture added and removed for a tomato greenhouse in Leribe and Mokhotlong. 

3.3 Solar PVT System 

The solar PVT system to meet the thermal requirements consisted of the following primary 
components as shown in Figure 7: a PVT collector array, an 800-litre thermal storage tank, 
fan coil units and auxiliary backup systems including an electric heater and electric chiller. The 
PVT collector array comprised 35.56 m² of unglazed modules, oriented north at a 30° tilt, which 
is optimal for solar capture in the Southern Hemisphere. Configured with 10 modules, the array 
provided a total nominal DC power of 5 kW and served the dual purpose of supplying both 
thermal and electrical energy to the system. Thermal energy was stored in a vertical 800-litre 
stratified storage tank located in an unheated internal section of the greenhouse.  

The tank was insulated with 130 mm fiberglass matting to minimise standing losses and 
to preserve the collected heat for night time and early morning use. Four fan coil units were 
used to distribute thermal energy within the greenhouse, each offering a nominal heating 
capacity of 1,700 W and a cooling capacity of 1,100 W. These operated in a four-pipe 
configuration, allowing separate circulation of hot and chilled water. The heating circuit 
delivered hot water at 80°C with a return temperature of 60°C, while the cooling loop supplied 
water at 6°C with a return at 12°C. To ensure system reliability during the periods of insufficient 
solar gain, an inline electric heater and a compression-based electric chiller were incorporated. 
These auxiliary systems were configured to activate, based on the set temperature thresholds 
to maintain optimal greenhouse conditions while minimising reliance on the grid. 
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Figure 7. System setup as determined with Polysun. 

Figure 8. Performance comparison for Leribe versus Mokhotlong (a) solar fraction (b) annual energy 
savings and (c) annual CO2 emission reduction. 

Thermal and moisture modelling revealed that the greenhouse solar PVT-assisted 
heating, cooling and dehumidification provide a strong renewable contribution, with solar 
fractions of 87.6% in Leribe and 80.6% in Mokhotlong. Annual collector yields ranged between 
127.5 and 130.5 kWh/m², translating into energy savings of 6,764–6,936 kWh/year and CO₂ 
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reductions of 1,740–1,944 kg/year. Heating requirements were notably higher in Mokhotlong 
due to its prolonged cold season, while cooling and dehumidification needs were more 
pronounced in Leribe. The modelling further demonstrated that shading configurations play a 
crucial role in lowering cooling demands, with dark green shading reducing loads to near-zero 
levels in Mokhotlong.  

These findings emphasize that system design must be site-specific, reflecting both thermal 
demand and operational profiles. The economic assessment confirmed the financial feasibility 
of adopting PVT-assisted greenhouse systems. Across both sites, Net Present Values 
exceeded US$53,000, with Savings-to-Investment Ratios greater than 3.0 and discounted 
payback periods averaging five years. Sensitivity analysis showed that profitability is most 
influenced by crop yield and market price, which shifted NPV by approximately ±30%, while 
capital expenditure played a comparatively minor role. These results establish solar PVT-
assisted greenhouse systems as not only technically reliable and environmentally 
advantageous, but also economically sustainable for agricultural enterprises in Lesotho. 

4. Conclusion 

This paper assessed the feasibility of solar-assisted greenhouse climate control in Lesotho 
using thermal modelling, humidity analysis, and Polysun simulations for Leribe (lowlands) and 
Mokhotlong (highlands). Results showed contrasting energy demands, with Leribe requiring 
higher cooling (106.7 kWh/m²) and Mokhotlong requiring higher heating (97.06 kWh/m²). 
Shading materials significantly reduced cooling demand, demonstrating the influence of 
climate and greenhouse cover properties on energy performance. Moisture balance analysis 
revealed peak dehumidification loads of 0.22–0.27 kg/h·m², indicating that ventilation alone is 
insufficient for humidity control. Polysun simulations achieved high solar fractions of 80–88%, 
with annual energy savings of about 6,700–6,900 kWh and notable CO₂ emission reductions. 
Economic results confirmed feasibility, with NPVs above USD 53,000, a payback period of 
about five years, and profitability strongly influenced by crop yield and price variations. 
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