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Abstract. This study evaluated the integration of a photovoltaic–thermal (PV/T) system with a heat pump (HPs) to reduce energy consumption and 
carbon intensity in a community-scale cricket farming facility during the winter season. Two configurations were compared: a conventional HPs-only 
system and a hybrid HPs–PV/T system maintaining the rearing temperature at 28–30 °C. In the hybrid setup, a 10.8 kWth heat pump served as the 
main heating unit, while eight 550 Wp PV/T panels supplied supplementary heat and electricity. The system performance was experimentally 
assessed, yielding an average heat-pump Coefficient of Performance (COP) of 3.13 and a PV/T performance ratio (PR) of 0.90 under winter conditions. 
The hybrid system reduced grid-electricity use to 1.58 kWh/day compared with 24.37 kWh/day in total consumption, achieving a 95.4% grid 
electricity displacement. Annually, the PV/T array generated 7,570.63 kWh of renewable energy—exceeding the total electricity demand of 7,369.07 
kWh/yr. The organizational carbon-footprint analysis showed emissions declined from 5,025.98 kg CO₂e to 1,525.83 kg CO₂e, a 69 % reduction. 
Overall, the HPs–PV/T hybrid configuration proved to be an energy-efficient, low-carbon solution for temperature-controlled insect farming, 
particularly suitable for small- and community-scale applications. 
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1. Introduction 

Northern Thailand is characterized by pronounced 
seasonal climatic variation, particularly during the winter 
months when ambient temperatures commonly decline to 12–
20 °C (Thai Meteorological Department (TMD), 2023). Such 
suboptimal thermal conditions adversely affect agricultural 
production systems that are highly sensitive to environmental 
fluctuations. In particular, insect farming systems rely heavily on 
controlled microclimatic environments to maintain production 
efficiency and biological performance (FAO, 2021). 
Temperature is one of the most critical abiotic factors 
influencing insect physiology, as it directly affects metabolic 
activity, feed conversion efficiency, growth rate, and survival 
(Bawa et al, 2020; Booth & Kiddell, 2007). When insects are 
reared below their optimal thermal threshold, a decline in 
metabolic rates occurs, resulting in lower feed intake, prolonged 
development time, and reduced productivity (Lundy & Parrella, 
2015). Consequently, these thermal constraints limit production 
cycles per year and increase the risk of yield instability, posing 
a major challenge to improving the productivity and economic 
competitiveness of insect farming in northern Thailand during 
the winter season (Halloran et al., 2017). 

Temperature regulation is a critical factor directly 
influencing production efficiency in both livestock and insect 
farming systems, particularly those that rely on optimal feed-to-
biomass conversion efficiency. In aquaculture, previous studies 
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have demonstrated that maintaining species-specific thermal 
conditions significantly enhances biological performance. For 
example, Nile tilapia (Oreochromis niloticus) exhibited 
markedly improved growth rates and survival when reared at 
an optimal temperature of approximately 30 °C compared to 
sub-optimal thermal conditions (Mirea et al., 2013). Similarly, 
whiteleg shrimp (Litopenaeus vannamei) showed reduced 
survival at 30–32 °C, although growth performance peaked at 
around 28 °C (Wyban et al., 1995). In terrestrial livestock 
systems, temperature remains a dominant environmental 
variable affecting metabolic activity and feed utilization. Broiler 
chickens perform optimally within controlled thermal 
environments of 28–32 °C, minimizing cold-induced stress and 
supporting stable physiological function during winter 
conditions (Ajakaiye et al., 2011; Lin et al., 2006). Likewise, 
controlled-environment swine production recommends indoor 
temperatures ranging from 27–32 °C during the early finishing 
stage to sustain growth rates and improve feed conversion 
efficiency (National Research Council, 2012; Brown-Brandl et 
al., 2013). Studies in semi-confined beef cattle systems also 
reported that maintaining the rearing temperature above 28 °C 
reduces metabolic heat loss and improves growth performance 
(da Silva et al., 2017). Research in insect farming shows similar 
temperature sensitivity due to the ectothermic nature of insects. 
The survival rate of the lady beetle (Harmonia axyridis) declines 
significantly under low-temperature conditions around 22 °C 
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(Hiiesaar et al., 2001). Black soldier fly larvae (Hermetia illucens), 
widely used for organic waste bioconversion and alternative 
protein production, exhibit maximum biomass gain and shortest 
development time at 28–30 °C (Harnden & Tomberlin, 2016). 
The cowpea weevil (Callosobruchus maculatus) also shows 
delayed development at 20 °C compared to normal 
development at approximately 30 °C (Kutcherov, 2020). These 
findings are consistent with studies on the house cricket (Acheta 
domesticus), an economically important edible insect species, 
which thrives at 28–30 °C. This optimal temperature range 
enhances growth performance, reduces mortality, shortens 
rearing cycles, and achieves superior feed conversion ratios 
(FCR) (Halloran et al., 2017; Suckling et al., 2020). Overall, 
experimental evidence across multiple insect species confirms 
that the thermoneutral range of 27–32 °C supports maximum 
productivity, minimizes environmental stress, and reduces both 
feed and time inputs during rearing. 

Previous studies have confirmed that temperature is a key 
environmental determinant of productivity in both livestock and 
insect farming, strongly affecting growth performance, survival, 
and feed-to-biomass conversion efficiency. In commercial 
rearing systems located in regions with low or fluctuating 
seasonal temperatures, artificial heating is essential to maintain 
optimal rearing conditions. However, conventional heating 
methods used in controlled-environment agriculture—such as 
electric heaters, hot-air blowers, and LPG systems—are highly 
energy-intensive. For example, space heating can account for 
up to 62% of total on-farm energy consumption (Zhang et al., 
2021) and contributes significantly to greenhouse gas (GHG) 
emissions, reaching 4,300 kgCO₂eq per greenhouse per year in 
fossil-fuel-based systems (Esen et al., 2013). Electric and LPG 
heating systems also emit 6,970 and 6,120 kgCO₂eq annually, 
respectively, whereas applying thermal insulation or solar-
assisted heating can reduce emissions by 18–35% (Decano-
Valentin et al., 2021). More recently, hybrid renewable systems 
integrating photovoltaic/thermal (PV/T) collectors with heat 
pumps have been shown to reduce grid electricity consumption 
by up to 45% and lower GHG emissions by over 40% compared 
with conventional electric heating (Bae et al., 2022; Ntinas et al., 
2014). In insect farming, thermal energy demand is also 
substantial. Cricket farms in the United Kingdom, for example, 
have reported annual emissions as high as 15,230 kgCO₂eq per 
farm, with more than 60% originating from electricity use for 
heating and ventilation (Suckling et al., 2020). Although climate 
control improves productivity and reduces seasonal losses, it 
significantly increases energy consumption, highlighting the 
necessity of energy-efficient climate management strategies 
under the Organizational Carbon Footprint (CFO) framework. 

Heat pumps, particularly air-source heat pumps (ASHPs), 
provide a high-efficiency alternative for agricultural heating 
applications due to their elevated coefficient of performance 
(COP = 3.0–4.5), which enables a 35–50% reduction in heating 
energy consumption compared with resistive electric or LPG-
based heating systems (Ajakaiye et al., 2011). In this study, a 
heat pump was employed to generate hot water that was 
circulated through a heat exchanger integrated with the cricket 
rearing containers. When the ambient temperature dropped 
below the predefined threshold, the system activated an air 
circulation mechanism that directed air from the containers 
through the heat exchanger to maintain the optimal rearing 
temperature of 28–30 °C. However, despite its thermodynamic 
efficiency, the heat pump still requires electrical power input 
and therefore relies on grid electricity, resulting in indirect 
greenhouse gas (GHG) emissions. To address this limitation, 
renewable energy integration has been increasingly explored. In 

particular, hybrid photovoltaic–thermal (PV/T) systems 
coupled with heat pumps have emerged as a sustainable 
solution capable of simultaneously supplying thermal and 
electrical energy while reducing dependence on carbon-
intensive grid power (Ajakaiye et al., 2011; Lin et al., 2006). 

Consequently, this study aims to investigate the energy and 
environmental performance of a heat pump integrated with a 
solar photovoltaic–thermal (HPs-PV/T) system for controlled-
environment cricket farming during winter in northern 
Thailand. The system simultaneously provides thermal energy 
to rearing containers and auxiliary electricity to reduce grid 
dependence, and its performance is evaluated under the 
Organizational Carbon Footprint (CFO) framework to quantify 
thermal and electrical performance, determine energy savings, 
and assess greenhouse gas emission reductions relative to a 
conventional heat-pump-only configuration. 

 
2. Methods 

2.1 Cricket rearing process 

House crickets (Acheta domesticus) were used in the rearing 
system. The stocking density in each rearing container was 
maintained consistently throughout the experimental period to 
ensure stable biomass conditions. This control minimized the 
influence of variations in cricket biomass on the thermal load 
and energy consumption of the temperature control system. 

The cricket rearing process can be divided into four main 
steps, as illustrated in Figure 1, with the details described as 
follows: 
• Step 1: Procurement of eggs, feed, and egg trays through 

transportation. The eggs are then incubated for 7–10 days 
to allow hatching, producing coconut husk as waste. 

• Step 2: Rearing crickets from the nymph stage to 
adulthood. Egg trays are placed in rearing ponds, and 
feed, water, and supplements are provided. Cricket 
excrement is generated as waste. During this process, air 
temperature is maintained at 28–30 °C using a 
combination of electricity-based heating, solar thermal 
energy, and a heat pump system, as illustrated in Figure 
2(a) and Figure 2(b). 

• Step 3: Harvesting crickets. The crickets are first stunned 
with cold water, followed by boiling using LPG gas. The 
harvested crickets are stored in refrigerated cabinets and 

 
Fig 1. Cricket rearing process 
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then sold to enterprise groups. Waste generated includes 
wastewater and damaged egg trays after use. 

• Step 4: Preparation of rearing ponds and equipment. The 
ponds are cleaned with water and detergent, containers 
for egg hatching are prepared, and reusable egg trays are 
baked at 60–70 °C for at least 30 minutes using charcoal 
as fuel. 

 
2.2 System description 

Temperature-controlled conditions in the cricket rearing 
containers were examined through two case studies, as 
illustrated in Figure 2(a). In the first configuration (Case HPs-
only), a heat pump was employed as the sole thermal energy 
source for maintaining the desired temperature. In the second 
configuration (Case HPs–PV/T, shown in 2(b)), the heat pump 
was integrated with a solar photovoltaic–thermal system, which 
simultaneously supplied electrical and thermal energy to 
support the heating process. The detailed system configurations 
and operation principles of both cases are described in the 
following sections 

Case HPs-only: Heat production and storage in hot water 
tank 1 are achieved using a heat pump. When electrical power 
from the grid is supplied, blower 1 draws ambient air through 
the evaporator coil. The refrigerant R410A inside the coil 
absorbs heat from the air and evaporates into a low-pressure 
vapor. This vapor is compressed, raising its pressure and 
temperature while maintaining its vapor phase. The high-
temperature high-pressure vapor flows into the condenser while 
water pump 2 simultaneously circulates water from hot water 
tank 1 through the condenser. The water absorbs heat from the 
refrigerant, its temperature increases, and it is returned to the 
hot water tank for storage as usable hot water. After transferring 
heat to the water, the refrigerant condenses back into a high-
pressure liquid. This liquid then passes through the expansion 
valve where its pressure and temperature decrease before 
returning to the evaporator to begin another cycle of heat 
absorption from the air. When the water temperature in hot 
water tank 1 reaches 55 °C the heat pump stops operating and 
when the water temperature drops below 32 °C the heat pump 
resumes operation. When the air temperature inside the cricket 
containers falls below 28 °C, hot water pump 2 delivers hot 
water to a heat exchanger integrated with the containers while 
blower 2 draws air across the exchanger until the air 
temperature rises above 30 °C at which point the system ceases 
operation. 

In this study, a hierarchical temperature control strategy 
was implemented in which the heat pump operation is governed 
by the hot water tank temperature rather than the container air 
temperature. The hot water tank functions as a thermal buffer, 
decoupling heat production from heat demand within the 
cricket containers. The upper and lower temperature thresholds 
of 55 °C and 32 °C were selected to ensure sufficient thermal 
availability at the heat exchanger while minimizing excessive 
compressor cycling, particularly during periods of low ambient 
temperature. Although operating at higher storage 
temperatures may reduce instantaneous heat pump efficiency, 
this strategy improves operational stability and overall seasonal 
performance. 

Case HPs-PV/T: The operating conditions of the heat 
pump and the air temperature control in the cricket containers 
were the same as in Case HPs-only. An additional system was 
introduced namely the use of a PV/T system as both a thermal 
energy source and an electricity generator to reduce the 
demand for grid electricity and to supplement the thermal 
energy provided in Case HPs-only. The PV/T system operates 

by allowing the PV/T panels to absorb incoming solar radiation 
which increases the panel temperature. Water pump 3 circulates 
water to extract this heat raising the water temperature and 
storing it in hot water tank 2. At the same time part of the solar 
radiation is converted into electricity to supply the heat pump 
and the electrical loads within the farm. This combined 
approach effectively reduces the thermal load on the heat pump 
and lowers its electricity consumption. 

It should be noted that the heat pump loop and the PV/T 
loop operate as independent hydraulic circuits with different 
mass flow rates. The heat pump loop circulates water through 
hot water tank 1 at a fixed mass flow rate optimized for stable 
compressor operation, while the PV/T loop circulates water 
through hot water tank 2 according to the collector design 
requirement expressed on an area basis (kg/s·m²). Thermal 
interaction between the two subsystems occurs through hot 
water storage and heat utilization at the container heat 
exchanger, rather than through direct hydraulic mixing. 
Therefore, the mass flow rates of the two loops are not required 
to be equal or synchronized. 

As illustrated in Figure 2(a) and 2(b), the main 
components of the hybrid system for air temperature control in 
the cricket farming facility can be categorized into three 
subsystems: the heat pump system, the heat exchanger box and 

 

 (a) Temperature control system from HPs-only 

 

(b) Temperature controlled system from HPs-PV/T  

Fig 2. Temperature control configurations for cricket rearing 
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cricket containers, and the PV/T system. The detailed 
specifications of each component are summarized in Table 1. 
 
 
2.3 Energy demand estimation 

2.3.1 Heat pump system performance 

The performance of the heat pump system (HPs) was 
evaluated using experimentally measured data obtained from 
real-time monitoring during the winter rearing period. The 
analysis focused on the actual thermal energy output and 
corresponding electrical consumption. The instantaneous 
heating output of the HPs and the coefficient of performance 
(COP) were determined according to Equations (1)–(2). The 
daily and seasonal heating outputs were obtained by integrating 
the instantaneous heat production over the operating period, as 
expressed in Equation (3). The seasonal average COP 
represents the effective conversion efficiency of electricity into 
heat under local climatic conditions. 

 
QHPs(t) = ṁHPsCpwTHPs(t)   (1) 

 

COPHPs(t) =
QHPs(t)

PHPs(t)
    (2) 

 

QHPs,daily = ∑ QHPs(t)tN
i=1     (3) 

 
Where: ṁHPs is the mass flow rate of hot water circulated 
through the heat pump (0.28 kg/s), Cpw is the specific heat 
capacity of water (4.187 kJ/kg·K), ΔTHPs is the temperature rise 
of the water across the heat pump (K or °C), QHPs is the thermal 
output of the heat pump (kWth), PHPs is the total electrical input 
power of the heat pump system (kWe), (including the 
compressor, blower 1 and hot water pump 2), COPHPs is the 
coefficient of performance of the heat pump system, QHPs,daily  is 
the cumulative thermal output of the HP over the winter (MJ), 
N is the total number of measurement intervals, t is the 
measurement time step (s) 

The total grid electricity consumption of the HPs-only 
system (Egrid,HPs-only) was determined by integrating the 
instantaneous power drawn by the heat pump from the grid 
throughout the operating period, as expressed in Equation (4). 

 
Egrid,HPs-only = ∑ (PHPs(t)t)    (4) 

2.3.2 Integration of HPs-PV/T  

For the hybrid configuration, the PV/T module generates 
electricity to partially offset the grid electricity consumption of 
the HPs, while simultaneously providing hot water that 
supplements the thermal output of the HPs. This dual 
contribution reduces the net electricity demand and enhances 
the overall system efficiency. 

The thermal output of the PV/T system was determined 
according to Equation (5). 
 
𝐐𝐏𝐕/𝐓(𝐭) = ṁ𝐏𝐕/𝐓𝐂𝐩𝐰𝐓𝐏𝐕/𝐓(𝐭)   (5) 

 
The cumulative seasonal thermal contribution was 

obtained as: 

𝐐𝐏𝐕/𝐓,𝐝𝐚𝐢𝐥𝐲 = ∑ 𝐐𝐏𝐕/𝐓(𝐭)𝐭𝐍
𝐢=𝟏    (6) 

 

Where: ṁ PV/T is the mass flow rate of hot water circulated 
through the PV/T system (0.02 kg/s-m2), ΔTPV/T is the 
temperature rise of the water across the PV/T collector (K or 
°C), QPV/T is the thermal output from the PV/T system (kWth) 

The electrical energy produced by the PV/T module can be 
evaluated using Equation 7.  

      
EPV/T = ∑ (PPV/T (ti)t)    (7)
        
Where: EPV/T  is the electrical energy produced by PV/T during 
operation period (kWh), PPV/T is the electrical power output of 
PV/T (kW) 
 In addition to the thermal and electrical outputs, the 
electrical performance of the PV/T subsystem was evaluated 
using the performance ratio (PR), which represents the overall 
system efficiency under real operating conditions. The PR 
accounts for the effects of temperature, irradiance, and system 
losses, and was calculated according to the IEC 61724-1:2021 
(International Electrotechnical Commission [IEC], 2021) 
standard, as expressed in Equation (8). 
 

PR =
YF

YR
      (8) 

 
where YF = EPV/T/Prated is the final yield (kWh/kWp) and YR= 
Ht/GSTC is the reference yield (kWh/kWp), with Prated the 

Table 1  
Technical specifications of the HPs–PV/T temperature control system 

Subsystem Component Specification 

Heat pump system Refrigerant R410A 
Heating capacity 10.8 kW 
Power consumption 2.8 kW 
Hot water storage tank-1 2,500 L 
Hot water pump 1 185 W 

Heat exchanger & rearing unit Heat exchanger box 0.8 m × 0.47 m 
Cricket containers 20 units (1.2 m × 2.4 m × 0.6 m each) 
Blower 3 units per container, 22 W each 
Hot water pump 2 374 W 

PV/T system PV/T module type Monocrystalline half-cell 
Rated power 550 W per panel 
Collector area 2.57 m² per panel 
Number of panels 8 panels 
Inverter capacity 5.0 kW 
Hot water storage tank-2 1,000 L 
Hot water pump 3 374 W 
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nominal installed PV capacity (4.4 kWp), Ht the in-plane solar 
irradiation (kWh/m2) , and GSTC = 1 kW/m2 the standard test 

irradiance. A higher PR value indicates better conversion 
performance and lower overall system losses, reflecting 
improved operational efficiency of the PV/T subsystem under 
actual climatic conditions. 
 The net grid electricity demand of the hybrid HPs–PV/T 
system (Egrid,HPs-PV/T) was determined by subtracting the 
electrical energy generated by the PV/T module from the total 
electricity consumed by the heat pump, as expressed in 
Equation (9). This represents the actual grid electricity 
required to operate the hybrid system. 
 
Egrid,HPs-PV/T = ∑ [PHPs(ti) − PPV/T(ti)]Δt  (9) 
 

2.3.3 Energy saving potential and grid electricity reduction 

 The grid electricity reduction (GER) and energy saving 
potential (ESP) were introduced as key performance indicators 
to evaluate the effectiveness of PV/T integration in reducing 
grid electricity dependency. The GER quantifies the absolute 
reduction in grid-supplied electricity, while the ESP expresses 
this saving as a relative percentage compared with the HPs-only 
baseline. The grid electricity consumptions of both systems 
were obtained from Equations (4) and (9). The two indicators 
were then calculated using Equations (10) and (11). 
 
GER = Egrid,HPs-only − Egrid,HPs-PV/T   (10) 
 

ESP =
Egrid,HPs−only − Egrid,HPs−PV/T 

Egrid,HPs−only
100   (11) 

 

 Although GER and ESP are derived from the same grid 
electricity consumption data, they represent different 
performance perspectives. GER indicates the absolute 
reduction in grid electricity consumption, whereas ESP 
expresses this reduction as a normalized indicator relative to the 
baseline system, allowing comparison across different operating 
conditions. 
 The renewable energy fraction (REF) was introduced to 
quantify the proportion of renewable energy supplied by the 
PV/T system relative to the total electricity consumption of the 
hybrid configuration. It represents the degree of self-sufficiency 
of the system and was determined according to Equation (12). 
 

REF =
 EPV/T,annual 

EHPs−PV/T,use
100    (12) 

 
Where EPV/T,annual is the total annual electricity generated by the 
PV/T array (kWh/yr), and EHPs–PV/T,use is the total annual 
electricity consumption of the heat pump system (kWh/yr). 

It should be noted that the renewable energy fraction 
reflects the contribution of renewable electricity to the total 
system demand and does not represent the conversion 
efficiency of the system, which is evaluated separately using 
performance indicators such as COP. 
 
2.4 Organizational carbon footprint assessment of a cricket farm 

 The Thailand Greenhouse Gas Management Organization 
(TGO) has established assessment guidelines in accordance 
with international standards, including ISO 14064-1 
(International Organization for Standardization [ISO], 2018), the 
Greenhouse Gas Protocol (World Resources Institute [WRI] & 
World Business Council for Sustainable Development [WBCSD], 
2001, 2004) (World Resources Institute (WRI) & World Business 

Council for Sustainable Development (WBCSD), 2001, 2004) 
and ISO/TR 14069 (International Organization for 
Standardization (ISO), 2013). These standards provide 
methodological guidance for quantifying, monitoring, and 
reporting organizational greenhouse gas emissions. The 
organizational carbon footprint assessment consists of three 
main steps as follows: 

- Step 1: Defining the organizational boundary. The 
organizational boundary was determined using the control 
approach, and the assessment covered both greenhouse gas 
emissions and removals from the farm, with data collected 
between January and December 2024. 

- Step 2: Defining the operational boundaries. The 
organizational carbon footprint assessment of the cricket 
farm was conducted at Kawinthida Farm, San Kamphaeng 
District, Chiang Mai Province. Activities contributing to 
greenhouse gas emissions were examined, and the emission 
sources were categorized into three types of scopes, as 
shown in Figure 4. 
• Scope 1: Direct emissions from sources owned or 

controlled by the cricket farm, including the on-site 
combustion of longan wood charcoal and liquefied 
petroleum gas (LPG) for boiling and processing 
crickets, as well as diesel fuel and Gasohol 91 used by 
farm-owned vehicles and equipment. 

• Scope 2: Indirect emissions from the consumption of 
electricity or thermal energy used in farm operations, 
such as ventilation fans, lighting, and other equipment, 
supplied either from purchased grid electricity or self-
produced solar energy. 

• Scope 3: Other indirect emissions not included in 
Scope 1 and Scope 2, encompassing water 
consumption, landfilled waste, and transportation-
related activities, including the outbound and return 
transportation of egg trays and cricket feed. 

- Step 3: Calculation of greenhouse gas emissions and 
removals. The calculation of greenhouse gas (GHG) 
emissions and removals was performed using Activity Data 
(AD) and Emission Factors (EF). These factors are used to 
convert various farm activities into carbon dioxide 
equivalent (CO₂e) values. The assessment considered 
sources of GHG emissions and data collection, selecting 
appropriate GHG emission factors from the Thailand 
Greenhouse Gas Management Organization (TGO) 

 
Fig. 4 Organizational carbon footprint boundary of the studied 

cricket farm 
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database. The calculation of greenhouse gas emissions was 
conducted as described in Equations 13 and 14. 

 
GHG = Emission data  GWP100          (13) 

               
GHGEmission = AD  EF            (14) 

 
Where: GHG is the amount of greenhouse gas emissions, AD is 
activity data that generate greenhouse gas emissions, EF is 
emission factor for greenhouse gases  

In this study, activity data for Scope 1 included the 
consumption of LPG, diesel fuel, Gasohol 91, and longan wood 
charcoal used in farm operations. Scope 2 emissions were 
calculated based on electricity consumption from farm 
equipment such as ventilation fans, lighting, and other electrical 
devices. Scope 3 emissions were estimated from indirect 
activities including water consumption, landfilled waste, and 
transportation of egg trays and cricket feed. 
  In the calculation, only greenhouse gases originating from 
anthropogenic (human) activities were considered. The global 
warming potential (GWP) over a 100-year time horizon 
(GWP₁₀₀) was applied to quantify the relative contribution of 
each greenhouse gas to climate change, following the 
methodological guidelines of the World Business Council for 
Sustainable Development (WBCSD) and the International 
Organization for Standardization (ISO) (World Resources 
Institute (WRI) & World Business Council for Sustainable 
Development (WBCSD), 2001), (International Organization for 
Standardization (ISO), 2013), as presented in Table 2. 

CO₂ Emission reduction:  
 

    ΔCO2 = GER × EFGrid   (15) 
 

where ΔCO2 represents the reduction in CO2 emissions, GER is 
the grid electricity reduction, and EFGrid is the grid electricity 
emission factor obtained from the official Thailand grid 
emission factor published by the Thailand Greenhouse Gas 
Management Organization (Thailand Greenhouse Gas 
Management Organization (TGO), 2024). 
 

2.5 Analysis of uncertainty and data quality 

In preparing the data inventory for assessing the 
organizational carbon footprint of the cricket farm, the analysis 
of data uncertainty and quality is of critical importance, as it 
directly affects the reliability and accuracy of the overall 
assessment results. Scores can be assigned accordingly, and the 
scoring levels and criteria for evaluating uncertainty are 
presented in Table 3. 

▪ Characteristics of data collection 

The quality of data can be divided into the following levels: X = 
6 points, data collected continuously; Y = 3 points, data 
collected from meters and receipts; and Z = 1 point, data 
collected based on estimates (Intergovernmental Panel on 
Climate Change, 2006). 

▪ Emission of greenhouse gases (EF)  

The quality of emission factor (EF) data can be divided into the 
following levels: A = 4 points, EF obtained from high-quality 
measurements; B = 3 points, EF provided by manufacturers or 
national-level EF; C = 2 points, regional-level EF; and D = 1 
point, global-level EF (Intergovernmental Panel on Climate 
Change, 2006). 
 

3. Result and Discussion 

3.1 System performance evaluation results 

The daily test results show the relationship between solar 
radiation and ambient temperature during the period from 08:00 
to 18:00 on 28 December 2024. The solar radiation started at 
about 156 W/m² at 08:00 and gradually increased to a 
maximum of 757 W/m² at noon before decreasing to nearly 
zero at 18:00. The average solar radiation throughout the day 
was about 477.54 W/m². The ambient temperature started at 20 
°C and gradually increased following the change in solar 
radiation reaching a maximum of 30.70 °C at 13:00 before 
decreasing after 15:00. The average ambient temperature 
during the day was about 26.47 °C. These results indicate that 
the ambient temperature is directly related to the intensity of 
solar radiation due to the heat accumulation and release of the 
surrounding atmosphere and environment as shown in Figure 5 
 
3.1.1 Experimental performance of the heat pump system 

The performance characteristics of the heat pump system 
are illustrated in Figure 6. Figure 6 shows the operating 
performance of the heat pump system, including the variations 
of the coefficient of performance (COPHPs), input power (PHPs), 
and heat transfer rate at the condenser (QHPs) with respect to 
time. The heating capacity ranged between 9.96–10.44 kWth 
throughout the operation period, indicating that the system 
maintained a stable heat transfer rate. The input power 
gradually increased from approximately 2.69 kWe at the 
beginning to about 3.80 kWe at the end of the test, reflecting the 
higher compressor demand as thermal energy accumulated in 
the system. As the hot water tank temperature increased, the 
electricity consumption of the heat pump also rose because the 
system was required to maintain heat transfer at the condenser 
against an increasing temperature difference. Consequently, the 
COPHPs decreased from approximately 3.61 to about 2.67, with 
an average value of 3.13. These results demonstrate that the 
heat pump system was able to sustain stable heat transfer 
performance, while its energy efficiency gradually declined as 

Table 2 
The global warming potential (GWP) 

Common name/ chemical formula                     GWP100 values 

Carbon dioxide (CO2) 1 
Methane (CH4) 28 
Fossil methane (CH4) 30 
Nitrous oxide (N2O) 265 
Hydrofluorocarbons (HFCs) 4-12,400 
Perfluorocarbon (PFCs) 6,630-11,100 
Sulfur hexafluoride (SF6) 23,500 
Nitrogen trifluoride (NF3) 16,100 

 

Table 3  
Scoring criteria for emission factor (EF) data quality and 
associated uncertainty levels 

Level Score 
Range 

Description 

1 1-6 High uncertainty; poor data quality 
2 7-12 Slight uncertainty; moderate data quality 
3 13-18 Low uncertainty; good data quality 
4 19-24 Low uncertainty; excellent data quality 
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the hot water tank temperature and cumulative operating time 
increased. 

 
3.1.2 Experimental performance of the photovoltaic–thermal (PV/T) 
system 

Figure 7 (a) illustrates the performance of the PV/T system 
in terms of electrical power, thermal output, and temperature 
difference across the PV/T panel. The electrical power output 
started at 0.5 kWe at 08:00 and increased to a peak of 3.2 kWe 
between 12:00 and 13:30 before gradually declining until 18:00, 
with a daily average of 2.1 kWe. The thermal output began at 
10:30 and varied with the temperature difference across the 
panel, reaching maximum values of 3.74 kWth and 2.9 °C, 
respectively. The daily averages were 2.99 kWth for thermal 
output and 2.32 °C for temperature difference, corresponding to 
a total daily thermal energy production (QPV/T-daily) of 51.21 MJ. 

The PR remained relatively stable throughout the operating 
period, with values close to unity, indicating efficient solar 
energy conversion. Both thermal output and temperature 
difference decreased over time as solar irradiance declined, 
consistent with the reduction in electrical power. 

The performance ratio (PR) of the PV/T system, as shown 
in Figure 7 (b), remained at a high level from 08:00 to 15:00, 
ranging between 0.90 and 0.95. This period coincided with 
strong and stable solar irradiance, which enabled the 
photovoltaic cells to maintain efficient energy conversion. After 
15:00, solar irradiance gradually declined due to changes in the 
angle of incidence and reduced radiation intensity. In addition, 
heat accumulation within the PV modules may have contributed 
to the decline in system performance. Consequently, the PR 
decreased to approximately 0.80–0.90 and eventually dropped 
to around 0.70. The average PR of the PV/T system was 
calculated as 0.90. 

 
3.2 Experimental results during the winter season 

3.2.1 Variation of air temperature in the winter period 

 Figure 8 shows the daily variation of ambient air 
temperature during the winter season from November 2024 to 
March 2025, comparing the maximum, average, and minimum 
values measured. The maximum temperature ranged from 26 to 
38 °C, while the average and minimum values ranged from 18 
to 27 °C and 11 to 22 °C, respectively. All values exhibited a 
decreasing trend from mid-November to mid-January before 
rising again during February and March 2025. Compared with 
the threshold range of 28–30 °C required to maintain suitable 
rearing conditions in 20 cricket containers, the minimum 
ambient temperature remained consistently below the lower 
limit, whereas the maximum temperature frequently exceeded 
the upper limit. This seasonal fluctuation directly affected the 
daily heating requirement of the temperature-controlled system 
(QHPs-only,daily) since lower ambient temperatures increased heat 
losses to the surroundings and required greater thermal energy 
input to sustain the target temperature inside the rearing 
containers. 
 

3.2.2 Energy consumption for temperature-controlled during the 
winter season 

Figure 9 (a) illustrates the variation of daily thermal output 
(QHPs-only,daily) and the corresponding grid electricity 
consumption (EHPs-only,grid) for temperature control from 
November 2024 to March 2025. The results are consistent with 

 
Fig 6. Performance of the heat pump system 
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Fig 7. Experimental performance of the PV/T system 
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the ambient temperature profile shown in Figure 9. As the 
ambient temperature decreased during December and January, 
both the heating output and electrical consumption of the heat 
pump system increased significantly, reaching peak values of 
approximately 390.52 MJ/day and 35.80 kWh/day, 
respectively, in mid-January 2025. Conversely, during periods 
of higher ambient temperature from late February to March, 
both the required heating output and corresponding energy 
consumption gradually decreased. These results confirm that 
lower ambient temperatures lead to higher heating demand due 
to increased heat loss to the surroundings, whereas higher 
ambient temperatures reduce the heating load within the cricket 
rearing containers. 

Figure 9 (b) shows the daily thermal output (QPV/T), electrical 
generation (EPV/T), and net grid electricity consumption (EHPs-

PV/T,grid) of the hybrid PV/T system during the same period. Both 
thermal and electrical outputs of the PV/T subsystem gradually 
increased from December to February, reaching peak values of 
approximately 80 MJ/day for thermal energy and 28 kWh/day 
for electricity in late February 2025, corresponding to higher 
solar radiation levels during this period. In contrast, grid 
electricity consumption remained relatively low throughout 
most of the monitoring period and peaked only in mid-January 
2025, when ambient temperatures were lowest and the heating 
load was highest. These results indicate that increased solar 
irradiance and ambient temperature enhanced the renewable 
energy contribution from the PV/T subsystem, thereby 
reducing both the heating requirement and the dependency on 
external grid electricity in the temperature-controlled cricket 
farming system. 

 
Table 4 summarizes the grid electricity displacement 

performance of the hybrid HPs–PV/T system during the winter 
season. The average daily electricity consumption of the heat 
pump with PV/T support (EHPs–PV/T) was 24.37 kWh/day, while 
the electricity required from the grid (EHPs–PV/T,grid) was only 1.58 
kWh/day. Consequently, the displaced grid electricity reached 
22.79 kWh/day, corresponding to a grid electricity 
displacement ratio of 95.4% compared with the HP-only 
configuration. 

These results are consistent with the trends observed in 
Figure 11, where the combined thermal (QPV/T) and electrical 
(EPV/T) outputs from the PV/T subsystem substantially reduced 
the reliance on grid electricity. The findings clearly demonstrate 
the effectiveness of the hybrid HPs–PV/T configuration in 
fulfilling the heating demand during the cold season while 
maintaining minimal grid dependency. This highlights the 
strong potential of the system to enhance energy efficiency and 
promote sustainable operation in temperature-controlled insect 
farming applications. 
 
3.3 Annual energy production and consumption 

The annual energy utilization of the HPs-only and HPs–
PV/T systems is summarized in Table 5. Table 5 compares the 
annual energy performance of the HPs-only and HPs–PV/T 
systems. The hybrid configuration demonstrated complete 
independence from grid electricity. The total electricity 
consumption of the heat pump system was 7,001.75 kWh/yr, 
while the PV/T array generated 7,570.63 kWh/yr, as estimated 
using the RETScreen Expert software based on long-term, site-
specific solar irradiation data (Natural Resources Canada, 2023). 
The lower annual electricity uses in the hybrid case compared 
with the HPs-only configuration, which consumed 7,369.07 
kWh/yr, resulted from the additional thermal contribution 

 
(a) HPs-only system 

 

 
(b) Hybrid HPs–PV/T system 

Fig 9. Daily thermal output and electrical energy consumption 
during the winter season for (a) the HPs-only system and (b) the 
hybrid HPs–PV/T system. 

 

0

5

10

15

20

25

30

35

40

0

50

100

150

200

250

300

350

400

450

E
 
P
s 
o
n
ly
,g
ri
d
(k
W
h
 
d
ay
)

 
 
P
s 
o
n
ly
,d
ai
ly
( 

  
d
ay
)

 E

0

5

10

15

20

25

30

0

10

20

30

40

50

60

70

80

90

E
  (
k
W
h
 
d
ay
)

 
 (
 
  
d
ay
)

 E EP  T  Ps P  T,gridP  T

Table 4 
Average energy-saving performance of the hybrid system during 
the winter season 

Variable Value unit 

EHPs-only,grid 24.37 [kWh/day] 

EHPs-PV/T,grid 1.58 [kWh/day] 

GER 22.79 [kWh/day] 

ESP 95.40 [%] 

 

Table 5   
Annual energy performance and grid-electricity saving of HPs-
only and HPs–PV/T systems 

Variable HPs-only HPs–PV/T Unit 

QHPs 44,599.42 37,127.01 [MJ/yr] 

QPV/T - 7,472.41 [MJ/yr] 

EHPs-only,annual 7,369.07 0 [kWh/yr] 

EHPs-PV/T,use - 7,001.75 [kWh/yr] 

EPV/T,annual - 7,570.63 [kWh/yr] 

Esurplus - 568.88 [kWh/yr] 

GERannual - 7,369.07 [kWh/yr] 

ESPannual - 100 [%] 

REF - 108.12 [%] 
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provided by the PV/T subsystem. The PV/T module delivered 
7,472.41 MJ of useful heat annually, which reduced the thermal 
load on the heat pump and improved overall system efficiency. 
Moreover, the PV/T system produced a surplus of 568.88 kWh 
per year, indicating that it not only supplied all the required 
electricity for the heat pump but also generated excess 
renewable energy. Consequently, the hybrid system achieved 
an annual grid electricity reduction (GERannual) of 7,369.07 kWh 
and an energy-saving potential (ESPannual) of 100 %. In addition, 
the renewable energy fraction (REF) of the hybrid system was 
calculated as 108.12%, indicating that the annual renewable 
generation exceeded the total electricity consumption by 
approximately 8 %. This further confirms the system’s full self-
sufficiency and its capability to operate entirely on renewable 
energy without grid dependence. The combined thermal and 
electrical benefits of the hybrid system provide a strong 
foundation for assessing its CO₂ emission-reduction potential 
and highlight its environmental advantages for renewable-
assisted temperature-controlled cricket farming. 
 
3.4 Carbon footprint assessment  

3.4.1 Input factors 

Input factors related to energy and resource consumption 
were collected as activity data for the carbon footprint (CFO) 
assessment and categorized into Scope 1, Scope 2, and Scope 3 
emission sources. The activity data collected for the greenhouse 
gas emission calculations are summarized in Table 6. 

Based on Table 6, the assessment of input factors related to 
cricket rearing over a one-year period revealed the primary use 
of resources in energy, water, and transportation. For direct fuel 
consumption (Scope 1), the inputs included 20.10 kg of longan 
wood charcoal, 96.47 kg of liquefied petroleum gas (LPG), 
10.78 L of diesel fuel, and 1.25 L of gasohol 91. These fuels are 
associated with direct production processes and internal 
transportation. For electricity consumption (Scope 2), two 
scenarios were examined. In the HPs-only system, all electricity 
was purchased from the grid, totaling 7,369.07 kWh per year, 
reflecting full dependence on external electricity supply. In the 

hybrid HPs-PV/T system, a total of 7,570.63 kWh per year was 
generated from solar energy, fully substituting the electricity 
that would otherwise be purchased from the grid (0 kWh). This 
demonstrates the potential of renewable energy use to 
completely reduce dependence on external electricity.  For 
other indirect factors (Scope 3), water consumption totaled 
80.39 m³, waste for landfilling amounted to 436.35 kg, and 
transportation activities included the transport of cricket egg 
trays (88.56 tkm outbound, 12.65 tkm return) and cricket feed 
(78.24 tkm outbound, 11.18 tkm return). Overall, these data 
indicate that cricket rearing in the described system relies 
primarily on electricity, alongside the use of fuels, water, and 
transportation, all of which play a significant role in the overall 
production process. 
 
3.4.2 Carbon footprint results 

The greenhouse gas emissions assessment for cricket 
rearing in this study was divided into three scopes: Scope 1, 
direct fuel use; Scope 2, electricity consumption; and Scope 3, 
indirect activities such as water use, waste management, and 
transportation. Comparisons were made between the HPs-only 
system and the hybrid HPs-PV/T system. Detailed results are 
presented in Table 7. 

Based on Table 7, it can be summarized that greenhouse gas 
emissions in the cricket rearing system originate from multiple 
factors. For Scope 1 (direct fuel use), the use of longan wood, 
liquefied petroleum gas (LPG), diesel fuel, and gasohol 
91contributed a total of 336.69 kgCO2e. Although this amount is 
not particularly high, it still highlights the need for more efficient 
fuel energy management, especially for LPG and diesel, which 
are fossil-based fuels. 

For Scope 2 (electricity consumption), our system emitted 
3,500.15 kgCO2e, accounting for over 69% of total emissions in 
the HPs-only scenario. This underscores the significance of 
electricity management. Global analyses in agricultural systems 
highlight that Scope 2 emissions often dominate and that 
decarbonizing purchased energy is crucial in achieving net-zero 
pathways (Teske & Nagrath, 2022). In meat processing systems, 
Scope 2 constitutes a major share of carbon footprint and 

Table 6 
Input factors per year used for CFO calculation 

Scope Data list Volume 

Sum 
Source of evidence 

Scope 1 Longan wood charcoal 20.10 Take notes 

LPG 96.47 Take notes 

Diesel fuel 10.78 Receipt 

Gasohol 91 1.25 Receipt 

The HPs-only system 

Scope 2 Electricity consumption – Purchased (Grid) 7,369.07 Monitoring system 

The hybrid HPs-PV/T system 

Scope 2 Electricity consumption – Self-produced (Solar) 7,001.75 Monitoring system 
Scope 2 Electricity consumption – Purchased (Grid) 0 Monitoring system 
Scope 3 Water consumption 80.39 Receipt 

Scope 3 Landfilled waste 436.35 Take notes 

Scope 3 Transportation of egg trays (Outbound) 88.56 Take notes 
Scope 3 Transportation of egg trays (Return) 12.65 Take notes 
Scope 3 Transportation of cricket feed (Outbound) 78.24 Take notes 
Scope 3 Transportation of cricket feed (Return) 11.18 Take notes 

 

 



P.Puttaraksa et al  Int. J. Renew. Energy Dev 2026, 15(3), 596-608 

| 605 

 

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE 

strategies such as sourcing renewable electricity and adopting 
energy-efficient equipment have been shown to substantially 
lower emissions (Wróbel- ędrzejewska, Włodarczyk, & 
Przybysz, 2025). For Scope 3 (indirect activities), water use, 
waste management, and transportation contributed a total of 
1,189.14 kgCO2e. The largest share originated from waste sent 
to landfill (1,103.97 kgCO2e), indicating that waste from rearing 
is a key issue that should be managed to reduce environmental 
impacts. In contrast, emissions from transportation and water 
use were comparatively lower. 

Considering the total emissions, the HPs-only system 
resulted in 5,025.98 kgCO₂e (appro imately 5.03 tCO₂e), 
whereas the combined use of the hybrid HPs-PV/T system 
reduced dependence on external electricity, lowering emissions 
to 1,525.83 kgCO₂e (appro imately 1.53 tCO₂e), representing a 
reduction of over 69% of total emissions. Similar reductions 
have been reported in agricultural and renewable-based 
systems (Huiran & Yiteng, 2025). Hybrid renewable systems 
designed for power generation also demonstrated significant 
CO₂ savings (Judijanto, 2025). Applications in greenhouse 
systems confirmed reduced grid dependence and associated 
emissions (Ates & Karaarslan, 2024). 

These results indicate that integrating renewable energy 
systems, such as PV/T, with a heat pump not only reduces long-

term energy costs but also significantly mitigates environmental 
impacts, particularly in production systems requiring 
continuous temperature control, such as closed-house cricket 
rearing. Furthermore, this approach aligns with the Sustainable 
Development Goals (SDGs), specifically climate action (SDG 13) 
and affordable and clean energy (SDG 7). 

Based on proportional analysis, in the HPs-only system (as 
shown in Figure 10 (a)), the majority of greenhouse gas 
emissions originated from Scope 2 (electricity consumption), 
accounting for 69% of total emissions. This was followed by 
Scope 3 (24%), resulting from indirect activities such as 
transportation and waste management, while Scope 1 
contributed only 7%. This highlights that reliance on electricity 
is the primary factor driving greenhouse gas emissions in this 
system. Conversely, when using the hybrid HPs-PV/T system 
(as shown in Figure 10 (b)), the proportion of Scope 2 dropped 
to 0%, indicating a complete elimination of dependence on 
external electricity. Consequently, emissions were limited to 
Scope 1 and Scope 3, with Scope 3 representing the largest 
share at 78% and Scope 1 at 22%, replacing the previously 
dominant role of electricity. This comparison demonstrates that 
integrating PV/T systems can significantly reduce grid 
electricity consumption and alter the structure of greenhouse 
gas emissions from electricity dependence to direct fuel use and 

Table 7 
Greenhouse gas (GHG) emissions 

Scope Data list Unit Value EF 
(kgCO2e/Unit) 

Total GHG 
(kgCO2e) 

Scope 1 Longan wood charcoal kg 20.10 0.198 3.98 

Scope 1 LPG kg 96.47 3.113 300.31 

Scope 1 Diesel fuel L 10.78 2.74 29.55 

Scope 1 Gasohol 91 L 1.25 2.2719 2.85 

Reduction of Greenhouse Gas Emissions in Scope 1 (kgCO2e) 336.69 

The HPs-only system   

Scope 2 Electricity consumption – Purchased (Grid) kWh 7,001.75 0.4999 3,500.15 

Reduction of Greenhouse Gas Emissions in Scope 2 (kgCO2e) 3,500.15 

The hybrid HPs-PV/T system   

Scope 2 Electricity consumption – Self-produced 
(Solar) 

kWh 8,258 0 - 

Scope 2 Electricity consumption – Purchased (Grid) kWh - 0 - 

Reduction of Greenhouse Gas Emissions in Scope 2 (kgCO2e) - 

Scope 3 Water consumption  m3 80.39 0.541 43.49 

Scope 3 Landfilled waste kg 436.35 2.53 1,103.97 
Scope 3 Transportation of egg trays (Outbound) 4-

wheel pickup truck, 100% rugged 
performance, 100% Loading (maximum load 
weight 7 tons) 

tkm 88.56 0.2154 19.08 

Scope 3  Transportation of egg trays (Return) 4-wheel 
pickup truck, rugged driving, 0% Loading 
(maximum load weight 7 tons) 

km 12.65 0.2415 3.06 

Scope 3 Transportation of cricket feed (Outbound) 4-
wheel pickup truck, 100% rugged 
performance, 100% Loading (maximum load 
weight 7 tons) 

tkm 78.24 0.2154 16.85 

Scope 3 Transportation of cricket feed (Return) 4-
wheel pickup truck, rugged driving, 0% 
Loading (maximum load weight 7 tons) 

km 11.18 0.2415 2.70 

Reduction of Greenhouse Gas Emissions in Scope 3 (kgCO2e) 1,189.14 

Total Greenhouse Gas Emission Reduction in the HPs-only system (kgCO2e) 5,025.98 

Total Greenhouse Gas Emission Reduction in the hybrid HPs-PV/T system (kgCO2e) 1,525.83 
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indirect activities. As a result, waste management and 
transportation become increasingly important considerations in 
renewable energy-based systems. 
 

3.5 Data quality assessment by sources 

 The organizational carbon footprint assessment included 
verification and analysis of data quality according to established 
criteria, considering the sources of information, including 
handwritten notes, supporting documents such as receipts, and 
data from monitoring systems. These sources reflect varying 
levels of reliability and uncertainty. Table 8. presents the results 
of the data quality assessment for each activity according to the 
relevant Scope. The analysis of uncertainty and data quality in 
Section 2.5 indicates that each type of evidence corresponds to 
different levels of data quality, as follows: 

- Monitoring system → High quality (X = 6 points) 
because the data are obtained directly from 
measurement instruments. 

- Receipt → Medium quality (Y = 3 points) as the data 
are supported by purchase documents but not 
recorded in real time. 

- Take notes → Lower quality (Z = 1 point) because the 
data are estimated or self-recorded and may contain 
uncertainties. 

 The results of the data quality assessment for each activity 
according to the relevant Scope are summarized in Table 8. 
Based on Table 8, the assessment results indicate that data 
obtained from the monitoring system was the highest quality, 
followed by receipts, while taking notes had the lowest quality. 
When the scores of all activities were combined, they fell within 
the range of 1 3 – 1 8  points, corresponding to Level 3 , which 
means “low uncertainty and good data quality.” This 
demonstrates that the data used for calculating the carbon 
footprint of the cricket farm is sufficiently reliable for analysis. 
 
4.   Conclusion 

This study investigated the integration of a photovoltaic–
thermal (PV/T) system with a heat pump (HPs) to reduce 
energy consumption and carbon intensity in a community-scale 
cricket farming facility during the winter season, where the air 
temperature of 20 cricket containers was maintained at 28–30 
°C. The PV/T system demonstrated stable and efficient 

Table 8 
Assessment of data quality based on source 

Scope Data list Volume Source of evidence Quality 
Level 

Score 

Scope 1 Longan wood charcoal 20.10 Receipt Y 3 

Scope 1 LPG 96.47 Receipt Z 3 

Scope 1 Diesel fuel 10.78 Receipt Y 3 

Scope 1 Gasohol 91 1.25 Receipt Y 3 

Scope 2 (Heat 
pump only) 

Electricity consumption – Purchased 
(Grid) 

7,002 Monitoring system X 6 

Scope 2 (Heat 
pump with PVT) 

Electricity consumption – Self-
produced (Solar) 

8,258 Monitoring system X 6 

Scope 2 (Heat 
pump with PVT) 

Electricity consumption – Purchased 
(Grid) 

0 Monitoring system X 6 

Scope 3 Water consumption 80.39 Monitoring system Y 6 

Scope 3 Landfilled waste 436.35 Receipt Y 3 

Scope 3 Transportation of egg trays 
(Outbound) 

88.56 Receipt Y 3 

Scope 3 Transportation of egg trays (Return) 12.65 Receipt Y 3 

Scope 3 Transportation of cricket feed 
(Outbound) 

78.24 Receipt Y 3 

Scope 3 Transportation of cricket feed (Return) 11.18 Receipt Y 3 

 

 
(a) HPs-Only 

 

 
(b) HPs-PV/T 

Fig 10. Proportion of total GHG emissions by scope (Scope 1, 
Scope 2, and Scope 3): (a) the HPs-only system, and (b) the hybrid 
HPs-PV/T system. 
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performance, producing peak outputs of 3.20 kWe and 3.74 kWth 
with a daily thermal energy production of 51.21 MJ, while 
maintaining an average performance ratio (PR) of 0.90, which 
was used for annual energy yield estimation. The heat pump 
also showed stable operation, maintaining a heat transfer rate of 
9.96–10.44 kWth with an average coefficient of performance 
(COP) of 3.13. 

The hybrid HPs–PV/T configuration significantly reduced 
grid electricity consumption during the winter period. The 
average electricity consumption of the heat pump was 24.37 
kWh/day, while grid electricity demand was reduced to only 
1.58 kWh/day, corresponding to a displaced grid electricity of 
22.79 kWh/day or a grid electricity displacement ratio of 
95.40% compared with the HPs-only system. In addition, the 
hybrid system achieved full energy self-sufficiency, generating 
7,570.63 kWh per year, which exceeded the annual electricity 
demand of 7,369.07 kWh. This resulted in a renewable energy 
fraction of 108.12% and enabled zero grid-electricity 
consumption throughout the year. Furthermore, the carbon 
footprint assessment revealed that greenhouse gas emissions 
decreased from 5,025.98 kgCO2e in the HPs-only system to 
1,525.83 kgCO2e in the hybrid HPs–PV/T system, representing 
a reduction of approximately 69%. The monitoring system also 
demonstrated high data quality, with overall scores of 13–18 
points (Level 3), indicating low uncertainty and reliable results 
for the carbon footprint assessment. 
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