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 A B S T R A C T

Given the significant renewable energy potential of rural areas, rural energy systems are emerging as an 
effective solution to meet local energy demand and achieve net-zero emissions targets. This study proposes a 
net-zero stochastic planning model for pig farm-dominated rural energy systems, integrating biogas engines, 
photovoltaic panels, and batteries to economically satisfy local energy demand. First, a comprehensive mod-
elling framework is developed to capture the unique resource availability and energy demand characteristics 
of pig farms. This includes supplementary lighting requirements for pig growth, biomass availability as well as 
flexible heating and cooling loads necessary for maintaining optimal farm conditions. Then, a novel operation 
strategy is introduced, incorporating the flexibility of agricultural demand. It coordinates the demand response 
mechanism, the battery charging and discharging strategy based on time-of-use electricity prices, and the 
maximising self-consumption strategy. The demand response mechanism enables price-responsive control of 
heating and cooling loads by utilising the thermal inertia of pig farms within acceptable temperature limits. 
Moreover, the net-zero carbon emissions goal for pig farm-dominated rural energy systems is realised using 
a scenario-based stochastic optimisation method. The approach is demonstrated through a case study of a 
rural village with a pig farm in Hubei Province, China, illustrating how it can support long-term planning and 
provide practical guidance for low-carbon rural energy system design. Comparative analyses indicate that the 
proposed planning model offers both economic and environmental benefits, making it a promising strategy for 
sustainable rural energy development.
1. Introduction

The goal of improving living standards through economic growth 
while preserving the planet has inspired policymakers to establish the 
Sustainable Development Goals (SDGs) for 2030 [1]. This initiative 
serves as a universal development framework applicable to all coun-
tries, with implementation tailored to national priorities. However, 
traditional energy systems, particularly those heavily reliant on fossil 
fuels, often face challenges in rural areas, such as high greenhouse 
gas emissions and elevated costs [2]. The growing urgency to reduce 
carbon dioxide emissions has positioned renewable energy as a vital 
alternative to fossil fuels [3]. Rural areas, especially, are rich in re-
newable resources such as crop residues and animal manure. These 
materials have significant potential for sustainable energy production 
through pathways such as biogas generation and direct biomass com-
bustion for electricity generation. Rural energy also plays a crucial role 
in achieving net-zero goals in many countries, such as the ‘‘carbon 
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peak’’ and ‘‘carbon neutrality’’ targets in China [4]. In light of this, 
the study of rural energy systems has gained increasing urgency [5]. 
Meanwhile, technological advancements are driving the development 
of rural hybrid energy systems that provide efficient and sustainable 
solutions for rural areas.

Recent studies on rural energy system optimisation have investi-
gated diverse rural load types, with residential and agricultural loads 
being the primary focus. For instance, Kumar et al. [6] demonstrated a 
hybrid off-grid power generation system that integrates solar, biomass, 
diesel, and battery storage to electrify remote rural communities in 
eastern India. Zhi et al. [7] proposed a scenario-based optimised siz-
ing and management strategy for a rural photovoltaic (PV)-Battery 
system to meet farmers’ energy needs. Similarly, Yang et al. [8] es-
tablished a PV-powered pumped-hydro generator system to reduce 
reliance on coal-fired electricity, primarily serving household loads in 
rural China. Moving beyond general rural load considerations, recent
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Nomenclature

Acronyms

AC Alternating current
DC Direct current
GA Genetic algorithm
GHI Global horizontal irradiance
GOA Grasshopper optimisation algorithm
MSC Maximising self-consumption
PV Photovoltaic
SDGs Sustainable Development Goals
SOC State-of-charge
TOU Time-of-use
VS Volatile solid
List of symbols
𝛽 Tilt angle of the surface (◦)
𝛿 Solar declination angle (◦)
𝜂 Spectral luminous efficacy (lm∕W)
𝜂𝑏𝑖𝑜 Efficiency of biogas-to-electricity conver-

sion system
𝜂𝑐ℎ, 𝜂𝑑𝑖𝑠 Battery charging and discharging efficiency
𝜂𝑐𝑜𝑛𝑣 Conversion efficiency of the converter
𝛾 Penalty coefficient
𝜅 Constant indicating gas production rate at 

a given temperature
𝜆 Heat transfer coefficient of the wall 

(kW∕(m2 ◦C))
𝜇 Proportionality coefficient controlling bat-

tery charging amount
𝜔1, 𝜔2 Solar hour angles at the beginning and end 

of the time period (◦)
𝜙 Latitude (◦)
𝜋𝑚 Probability of season 𝑚 (number of days in 

season/total days in a year)
𝜋𝑚
𝑠𝑜𝑙𝑎𝑟 Probability of solar irradiance scenarios in 

season 𝑚
𝜋𝑠 Probability of scenario 𝑠
𝜌𝑎𝑖𝑟 Indoor air density (kg∕m3)
𝜌𝑔 Ground reflectance
𝜎 Maximum biogas volume produced per 

kilogram of volatile solids in a feedstock 
(m3∕kg)

𝐴 Heat transfer area of indoor wall (m2)
𝑎𝑖, 𝑏𝑖 Initial investment cost and replacement 

cost for equipment 𝑖 (CNY per unit capac-
ity)

𝐴𝑟𝑜𝑜𝑚 Room area (m2)
𝑐𝑎𝑖𝑟 Specific heat capacity of indoor air 

(kJ∕(kg K))
𝑐𝑖 Annual maintenance cost per unit capacity 

for equipment 𝑖 (CNY per unit capacity)
𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦
𝑠 , 𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙

𝑠 Daily electricity purchase cost and sales 
revenue from the grid in scenario 𝑠 (CNY)

𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙 Total annual cost (CNY)
𝐶𝑖𝑛 Annualised investment cost (CNY)
𝐶𝑜𝑝 Annual operation cost (CNY)
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𝐶𝑠
𝑜𝑝 Operation cost under scenario 𝑠 (CNY)

𝐶𝑎𝑙𝑏𝑖𝑜 Calorific value of biogas (kWh∕m3)
𝐶𝑎𝑝𝑏𝑎𝑡 Rated battery capacity (kWh)
𝐶𝑂𝑃 Coefficient of performance of the heat pump
𝐶𝑅𝐹 (𝑑, 𝑙) Capital recovery factor
𝑑 Discount rate
𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑠 , 𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝

𝑠 Daily imported and exported electricity in 
scenario 𝑠 (kWh)

𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 , 𝐸𝑏𝑎𝑡,𝑜𝑢𝑡

𝑡 Battery charging and discharging energy at 
time 𝑡 (kWh)

𝐸𝑏𝑖𝑜
𝑡 Electricity from the biogas engine at time 𝑡

(kWh)
𝐸𝑐𝑎𝑝𝑚𝑎𝑥
𝑡 , 𝐸𝑐𝑎𝑝𝑚𝑖𝑛

𝑡 Maximum and minimum charg-
ing/discharging electricity at time 𝑡
(kWh)

𝐸𝑒𝑥𝑐𝑒
𝑡 Excess PV generation after satisfying heat-

ing/cooling load and battery charging at 
time 𝑡 (kWh)

𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 Imported electricity from the grid at time 𝑡

(kWh)
𝐸ℎ𝑐𝑏𝑒
𝑡 Minimum electricity supplied for heating at 

time 𝑡 (kWh)
𝐸ℎ𝑐𝑛𝑑
𝑡 Maximum electricity supplied for heating at 

time 𝑡 (kWh)
𝐸ℎ𝑐
𝑡 Electricity supplied for heating at time 𝑡

(kWh)
𝐸𝑙𝑜𝑎𝑑1
𝑡 Fixed residential load (kWh)

𝐸𝑙𝑜𝑎𝑑2
𝑡 Pig farm lighting and ventilation loads 

(kWh)
𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑠,𝑡 , 𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝

𝑠,𝑡 Imported and exported electricity at time 𝑡
in scenario 𝑠 (kWh)

𝐺𝑡 Global horizontal irradiance (W∕m2)
𝐺𝑠𝑐 Solar constant (≈1367 W∕m2)
𝐼 Global irradiance on a horizontal surface 

(W∕m2)
𝐼0 Extraterrestrial irradiance on a horizontal 

surface (W∕m2)
𝐼𝑏 Direct beam irradiance (W∕m2)
𝐼𝑑 Diffuse irradiance (W∕m2)
𝐼𝑇 Solar irradiation entering the room through 

windows (W∕m2)
𝑘𝑇 Clearness index
𝑙 Project lifetime (year)
𝐿𝑙𝑢𝑥𝑠𝑒𝑡 Minimum illuminance required for pig 

growth (lm∕m2)
𝐿𝑙𝑢𝑥𝑠𝑜𝑙𝑎𝑟 Illuminance contribution from solar radia-

tion (lm∕m2)
𝐿𝑙𝑢𝑥 Required artificial lighting illuminance 

(lm∕m2)
𝑀 Number of equipment categories
𝑛 Day of the year
𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦
𝑡 , 𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙

𝑡 Electricity buying and selling prices at time 
𝑡 (CNY/kWh)

𝑃𝑏𝑖𝑜,𝑚𝑖𝑛, 𝑃𝑏𝑖𝑜,𝑚𝑎𝑥 Minimum and maximum output limits of 
the biogas engine (kW)

𝑃𝑏𝑖𝑜 Rating power of the biogas engine (kW)
𝑃𝑐𝑎𝑟𝑏𝑜𝑛 Penalty function for carbon emissions
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𝑃 𝑐𝑎𝑝
𝐺,𝑖 Installed capacity of equipment 𝑖 (kW or 

kWh)
𝑃 𝑏𝑎𝑡
𝑚𝑎𝑥 Maximum charging/discharging power of 

the battery (kW)
𝑃 ℎ𝑒𝑎𝑡
𝑚𝑎𝑥 Maximum power of the heat pump (kW)

𝑃𝑉𝑟𝑎𝑡𝑒𝑑 Rated power of PV panels (kW)
𝑞𝑖𝑛,𝑚𝑖𝑛𝑡 , 𝑞𝑖𝑛,𝑚𝑎𝑥𝑡 Minimum and maximum heating/cooling 

input rates (kW)
𝑞𝑖𝑛𝑡 Heating/cooling input rate (kW)
𝑞𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑡 Thermal energy loss due to conduction 

(kW)
𝑞𝑙𝑜𝑠𝑠,𝑜𝑡ℎ𝑒𝑟𝑠𝑡 Thermal energy loss due to other factors 

such as air infiltration (kW)
𝑞𝑙𝑜𝑠𝑠𝑡 Thermal energy loss per unit time due 

to conduction, convection, radiation, air 
infiltration, and cold air penetration (kW)

𝑅 Feedstock retention time (day)
𝑅𝑏 Tilted surface beam radiation factor (ratio 

of beam radiation on a tilted surface to that 
on a horizontal surface)

𝑆𝑖 Total solids proportion of the fermentation 
feedstock

𝑆𝑏𝑖𝑜 Initial volatile solid concentration in ma-
nure and crop residues (kg∕m3)

𝑆𝑤𝑖𝑛 Window area (m2)
𝑆𝑂𝐶𝑚𝑎𝑥, 𝑆𝑂𝐶𝑚𝑖𝑛 Maximum and minimum battery state of 

charge
𝑆𝑂𝐶𝑡 Battery state of charge at time 𝑡
𝑇 𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡 Outdoor temperature (◦C)

𝑇 𝑎𝑖𝑟
𝑡 Indoor temperature (◦C)

𝑇 𝑜𝑡𝑎𝑙𝐸𝑏𝑖𝑜
𝑡 Cumulative biogas electricity generation up 

to time 𝑡 (kWh)
𝑇 𝑜𝑡𝑎𝑙𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝

𝑡 ,
𝑇 𝑜𝑡𝑎𝑙𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

𝑡

Cumulative exported and imported electric-
ity up to time 𝑡 (kWh)

𝑉 𝑎𝑖𝑟 Indoor air volume (m3)
𝑉𝑏𝑖𝑜 Total daily volume of biogas produced from 

pig manure and crop straws (m3)
𝑉𝑑,𝑚𝑖𝑛, 𝑉𝑑,𝑚𝑎𝑥 Minimum and maximum volume limits of 

the biogas digester (m3)
𝑊𝑖 Daily provided fermentation feedstock rate 

(kg day−1)
𝑦𝑖 Replacement year of equipment 𝑖 (year)
𝑌𝑝,𝑖 Biogas yield of the feedstock (m3 kg−1)

studies have refined the modelling of agricultural resources, exempli-
fied by biomass fermentation, alongside agricultural energy demands 
such as greenhouse thermal loads. These models are further inte-
grated into optimisation frameworks. For example, Fu et al. [9] op-
timised greenhouse energy management by coordinating crops’ light-
ing, heating loads, and CO2 consumption with microgrid operations. 
Li et al. [10] designed a multi-energy system to meet rural energy 
demands, taking into account irrigation requirements and biomass 
fermentation. Furthermore, Liu et al. [11] optimised cross-sectoral 
coordination by coupling power distribution with agricultural sup-
ply chains, integrating crop growth, refrigeration, agricultural product 
transportation, and energy consumption. However, existing studies on 
rural energy systems have primarily focused on crop-farm loads, such 
as greenhouses, or on residential loads, while rarely considering energy 
systems that incorporate livestock farms. In particular, pig farms, which 
have high energy demands for heating, have received limited attention 
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despite their crucial role in sustainable rural development. Several stud-
ies have specifically examined pig farms. For instance, Kwak et al. [12] 
and Shin et al. [13] developed energy simulation models for pig farms, 
focusing on optimising ventilation and heating systems to enhance 
energy efficiency and sustainability. However, these studies overlooked 
the mathematical modelling of pig farm loads and failed to incorporate 
them into planning optimisation frameworks for pig farm-dominated 
rural energy systems.

For optimal planning of energy systems, an energy management 
strategy is typically developed. The energy management strategy is 
commonly defined as an operation strategy that coordinates supply 
and demand-side management under system constraints to ensure eco-
nomic, sustainable, and reliable operation [14]. The operation strategy 
can be classified into two categories: optimisation-based strategies and 
rule-based strategies [15]. The rule-based strategy applies predefined 
control rules and logic to manage system operation. Its main advan-
tages over optimisation-based strategies are low computational require-
ments and independence from future load information [16], making 
it suitable for real-time applications [17]. Since rule-based operation 
strategies are logic-driven and consist of if-then rules, priority orders, 
and threshold-based conditions, they are difficult to represent analyt-
ically. This complexity introduces discrete variables, non-convexities, 
and non-differentiable behaviour into the planning optimisation prob-
lem. Although such strategies can, in principle, be reformulated as 
large-scale mixed-integer programmes, the resulting models are often 
computationally intractable. Therefore, the problem is typically solved 
using heuristic algorithms, such as the genetic algorithm (GA), owing 
to its superior ability to handle complex constraints [18]. The GA 
has been widely applied in energy system optimisation problems. For 
example, Ghanbari et al. [19] applied it to a solar–wind–battery desali-
nation system, while Munoz-Pincheira et al. [20] used it to optimise 
a stand-alone hybrid renewable energy system considering wind–solar 
complementarity.

The strategy aiming to maximise self-consumption (MSC) of PV 
generation is one of the most widely used rule-based operation strate-
gies for energy systems [21]. It prioritises renewable energy sources, 
such as solar power, to supply electricity, with battery storage and 
the main grid serving as backups to ensure reliability. For instance, 
Hassan et al. [22] proposed a strategy that uses surplus renewable 
energy to charge batteries, employs hydropower and biogas to cover 
deficits, and utilises battery discharge as a backup. Bacha et al. [23] 
designed a strategy that prioritises renewable energy for battery charg-
ing, directs excess energy to a dummy load, discharges the battery 
when required, and uses diesel as backup. Jaman et al. [24] devel-
oped a strategy that charges batteries and produces hydrogen using 
surplus renewable energy, while employing hydrogen, batteries, and 
biogas to meet shortfalls. Kallel et al. [25] proposed a control strat-
egy that prioritises solar power, shares surplus energy via a direct 
current (DC) microgrid, and uses batteries to reduce grid reliance. 
Another common rule-based strategy that considers the charging and 
discharging strategy of batteries is the Time-of-use (TOU) strategy. The 
TOU strategy is adopted to obtain economic benefits by exploiting 
the difference between peak and off-peak electricity prices. The key 
principle of the TOU strategy is to charge the battery during off-peak 
periods using grid electricity and discharge it to the load during peak 
periods [26]. For example, Liu et al. [27] proposed and validated a 
photovoltaic (PV) and battery storage system model based on a TOU 
operation strategy. Liu et al. [28] optimised a PV-battery energy storage 
system for a low-energy building in China using a novel TOU-based 
energy management strategy. In rule-based strategies that incorporate 
demand-side response, electricity price is often an important factor in 
designing the strategy. For instance, Alimohammadisagvand et al. [29] 
developed and applied rule-based demand response control strategies 
for detached-house heating systems under different electricity pricing 
schemes. Sun et al. [30] developed a building-integrated PV-phase 
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change material system using a rule-based demand response strat-
egy, where thermostatically controlled loads adjust with time-varying 
electricity pricing. Considering the substantial heat load demands of 
rural pig farms, demand-side response to heat loads is of great im-
portance and can contribute to cost reduction. In pig farm-dominated 
energy systems, both the battery charging and discharging strategies 
and the demand response considering the flexibility of pig farm loads 
are crucial; however, studies integrating these two aspects remain 
scarce. Furthermore, existing studies have rarely integrated these two 
strategies with the MSC strategy.

While effective operation strategies enhance system performance, 
achieving truly sustainable rural energy systems requires reducing 
carbon emissions. Given that agriculture accounts for a large share 
of greenhouse gas emissions, emission reduction measures in rural 
areas are essential [31]. Wu [32] developed a low-carbon economic 
scheduling model that minimises both carbon emissions and opera-
tion costs. Jiang et al. [33] proposed a multi-energy complementary, 
and low-carbon optimised scheduling strategy for eco-agriculture inte-
grated energy systems. However, these studies have not fully achieved 
the goal of net-zero carbon emissions in rural energy systems. To 
enable economically viable and stable zero-carbon planning in ru-
ral energy systems, various optimisation methods for planning can 
be considered. Some current research on rural energy systems has 
focused on deterministic optimisation, which typically uses either year-
round datasets or single-month data. Araoye et al. [34] optimised 
rural hybrid microgrids using HOMER and grasshopper optimisation 
algorithm (GOA), relying on fixed annual resource and load values. 
Pal et al. [35] designed an energy system based on the demand in 
July, which represents the month of peak consumption. However, year-
round data-driven planning imposes significant computational burdens, 
and single-month optimisation often leads to overcapacity or energy 
deficits in other months. In robust optimisation, only the worst-case 
results are considered, making the approach overly conservative and 
economically inefficient [36]. In distributionally robust optimisation, 
selecting an appropriate ambiguity set and calibrating its parame-
ters are highly challenging [37], and the resulting models are often 
complex with significant computational burdens. In this study, a risk-
neutral, scenario-based stochastic optimisation approach is adopted, as 
it is straightforward, enhances computational efficiency, and mitigates 
biased capacity sizing while accounting for long-term seasonal and 
short-term daily uncertainties in renewable resources such as solar 
irradiation.

In summary, the research gaps in the existing literature on rural 
energy systems can be identified as follows: (1) Research on the op-
timisation of rural energy systems specifically focused on pig farms 
remains scarce, with limited attention to their load characteristics and 
energy dynamics. (2) Existing operation strategies have paid limited 
attention to the demand-side flexibility of pig farms. In particular, 
the coordination between pigs’ biological thermal requirements, time-
varying electricity prices, and local renewable energy availability has 
not been sufficiently explored. (3) Research on the net-zero planning 
of pig-farm-dominated rural energy systems remains limited.

Considering the limitations of the aforementioned research, this 
study proposes a net-zero stochastic planning model for pig farm-
dominated rural energy systems that incorporates agricultural demand 
response. The main contributions of this paper are as follows:

(1) A comprehensive framework for pig farm-dominated rural en-
ergy systems is proposed, thoroughly considering the unique charac-
teristics of pig farms. The framework includes detailed modelling of 
both resource availability and load demand, incorporating a biogas 
production model based on pig manure and crop straws. In addition, 
supplementary lighting and flexible heating/cooling load models are es-
tablished, taking into account pigs’ growth characteristics and optimal 
growth environmental requirements.

(2) A novel operation strategy is developed to reduce system costs 
by integrating agricultural demand flexibility into rural energy manage-
ment. This strategy coordinates (1) a demand response mechanism that 
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synchronises pigs’ biological thermal requirements with time-of-use 
electricity prices and (2) a battery charging/discharging strategy based 
on local renewable availability and time-of-use pricing under the MSC 
strategy. The demand response mechanism enables price-responsive 
heating/cooling loads control by adjusting farm’s indoor temperature 
within the permissible range, leveraging the thermal inertia of pig 
farms.

(3) The net-zero carbon emissions goal for pig farm-dominated rural 
energy systems planning is achieved using a scenario-based stochastic 
optimisation method. The approach is applied to a case study of a rural 
village with a pig farm in Hubei Province, China, demonstrating its 
capability to support long-term planning, accommodate seasonal and 
daily fluctuations in renewable energy resources, and provide practical 
guidance for low-carbon rural energy system design.

The remainder of this paper is organised as follows. Section 2 
introduces methodological framework. Section 2.1 outlines the sys-
tem configuration. The modelling of biomass energy and electrical 
loads in a pig farm is illustrated in Section 2.2. Section 2.3 details 
the component models of the energy system. The proposed operation 
strategy, considering time-of-use prices is presented in Section 2.4. Sec-
tion 2.5 describes the scenario-based stochastic planning formulation 
for achieving net-zero carbon emissions. Case study results and discus-
sion are provided in Section 3, where the key findings are analysed and 
the limitations of the study are discussed. Finally, Section 4 summarises 
the conclusions and future perspectives.

2. Methods

This section presents the methods used in the study, including the 
system configuration, the modelling of biomass energy and electri-
cal loads, the modelling of energy system components, the operation 
strategy, and the net-zero scenario-based stochastic planning model.

2.1. System configuration

The configuration of the pig farm-dominated rural energy system 
is illustrated in Fig.  1. The rural energy system is connected to the 
main grid, enabling power transactions based on time-of-use prices. 
The generating units consist of solar PV panels and biogas modules. 
Batteries act as a backup, storing excess electricity generated by the 
PV panels and releasing it when needed. They can also be charged from 
the main grid by taking advantage of time-of-use prices. Bidirectional 
converters are installed to facilitate the conversion between alternating 
current (AC) and DC power. Within the power generation system, 
electrical demand is primarily met by the PV panels and the biogas 
module, supported by the batteries and the main grid. The biogas 
module consists of a digester that converts animal waste and crop 
residues into biogas, and a biogas engine that utilises this biogas to 
produce electricity. During the anaerobic fermentation process, animal 
waste from the pig farm and crop residues are first pumped into 
the digester. Inside, these organic materials undergo decomposition, 
producing biogas primarily composed of methane, carbon dioxide, and 
trace gases. The generated biogas is then used for electricity production, 
while the resulting slurry is repurposed as effective fertiliser.

As shown in Fig.  1, both residential and agricultural electrical loads 
are considered in the system. All loads are considered in terms of 
electricity. The electrical load of rural residents is represented by actual 
daily profiles. The pig farm loads are considered thoroughly, including 
lighting, heating and cooling, and ventilation requirements. Moderate 
temperature, lighting, and ventilation play a crucial role in promoting 
the pigs’ development. Meeting these requirements ensures a suitable 
living environment for the pigs, which is essential for their growth. The 
heating and cooling loads are satisfied by electricity-driven heat pumps, 
a common and feasible solution for modern livestock facilities. Such 
heat pumps have been shown to reduce energy use and emissions in 
livestock facilities [38] and to improve environmental performance in 
agricultural applications [39].
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Fig. 1. Configuration of the pig farm-dominated rural energy system.
2.2. Modelling of biomass energy and electrical loads in a pig farm

As the rural energy system is dominated by the pig farm, which 
accounts for a large proportion of the total load, it is essential to model 
the farm’s resources and loads. Crop residues and pig manure from the 
farm can be reused to generate electricity. The electrical load modelling 
of the pig farm considers lighting, heating and cooling, and ventilation 
demands. The ventilation load is assumed to follow a fixed daily profile, 
as it represents a relatively small portion of the total energy demand 
compared with heating and cooling loads [40].

2.2.1. Modelling of biogas potential from livestock waste and crop straws
Crop straws and livestock waste from the pig farm can be utilised for 

biogas production, which is subsequently used to generate electricity 
for both the farm and nearby rural households. The biogas potential 
from pig manure and straws is calculated as follows [41]: 

𝑉𝑏𝑖𝑜 =
2
∑

𝑖=1
𝑊𝑖𝑆𝑖𝑌𝑝,𝑖, (1)

where 𝑉𝑏𝑖𝑜 represents the total daily volume of biogas produced from 
pig manure and crop straws (m3); 𝑊𝑖 denotes the daily fermentation 
feedstock rate (kg day−1); 𝑆𝑖 is the total solids proportion of the fer-
mentation feedstock; and 𝑌𝑝,𝑖 denotes the biogas yield of the feedstock 
(m3 kg−1).

2.2.2. Modelling of flexible heating and cooling loads
The indoor air in modern pig housing exhibits substantial thermal 

storage capacity. The thermal inertia effect directly influences the 
heating and cooling demand of the building [42]. This inherent ther-
mal inertia facilitates the demand-responsive management of heating 
and cooling loads through a systematic energy dispatch strategy. The 
optimal indoor temperature for pigs is assumed to be 25 ◦C, with an 
acceptable range between 23 ◦C and 27 ◦C. The temperature range is 
defined based on the varying optimal temperatures for pigs at different 
stages [43]. The heating and cooling loads are considered flexible, 
given the pig house’s thermal inertia and allowable temperature range.

The dynamic energy balance equation for the building’s thermal 
environment, which describes the energy conservation dynamics of air 
temperature variations over time in enclosed spaces of pig houses, is 
given by: 

𝑞𝑖𝑛 − 𝑞𝑙𝑜𝑠𝑠 = 𝑐𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑉 𝑎𝑖𝑟 𝑑𝑇
𝑎𝑖𝑟
𝑡 , (2)
𝑡 𝑡 𝑑𝑡

5 
where 𝑞𝑖𝑛𝑡  represents the heating or cooling input rate, indicating the 
thermal energy added to or removed from the room per unit time (kW); 
𝑞𝑙𝑜𝑠𝑠𝑡  denotes the thermal energy loss per unit time due to conduction, 
convection, or radiation, air infiltration, and cold air penetration (kW); 
𝑐𝑎𝑖𝑟 is the specific heat capacity of indoor air (kJ∕(kg K)); 𝜌𝑎𝑖𝑟 is the 
indoor air density (kg∕m3); 𝑉 𝑎𝑖𝑟 is the indoor air volume (m3); and 𝑇 𝑎𝑖𝑟

𝑡
is the indoor temperature (◦C). The primary cause of thermal energy 
loss is conduction through the walls, driven by the temperature differ-
ence between the indoor and outdoor environments. In this study, it is 
assumed that conduction through the walls contributes significantly, 
approximately 50%, to the total thermal energy loss in pig housing 
facilities, based on typical construction and insulation conditions. The 
total energy loss equation can be expressed as: 

𝑞𝑙𝑜𝑠𝑠𝑡 = 𝑞𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑡 + 𝑞𝑙𝑜𝑠𝑠,𝑜𝑡ℎ𝑒𝑟𝑠𝑡 , (3)

where 𝑞𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑡  denotes the thermal energy loss due to conduction 
(kW), and 𝑞𝑙𝑜𝑠𝑠,𝑜𝑡ℎ𝑒𝑟𝑠𝑡  denotes the thermal energy loss attributable to 
other factors, such as air infiltration (kW). 𝑞𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑡  is calculated 
as follows: 
𝑞𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑡 = 𝐴𝜆(𝑇 𝑎𝑖𝑟

𝑡 − 𝑇 𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡 ), (4)

where 𝐴 represents the heat transfer area of the indoor wall (m2); 
𝑇 𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡  denotes the outdoor temperature (◦C); and 𝜆 indicates the heat 
transfer coefficient of the wall (kW∕(m2 ◦C)). Parameters in Eqs. (2)–(4) 
are consolidated using Eq. (5). 
{

𝐴𝜆 = 𝛼1
𝑐𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑉 𝑎𝑖𝑟 = 𝛼2

(5)

Substituting Eqs. (4)–(5) into Eq. (2) yields Eq. (6): 
⎧

⎪

⎨

⎪

⎩

𝑑𝑇 𝑎𝑖𝑟
𝑡
𝑑𝑡

+
𝛼1
𝛼2

𝑇 𝑎𝑖𝑟
𝑡 −

𝑞𝑖𝑛𝑡 + 𝛼1𝑇
𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡

𝛼2
= 0

𝑇 𝑎𝑖𝑟
𝑡,𝑡=𝑡0

= 𝑇 𝑎𝑖𝑟
𝑡0

. (6)

By solving the differential equation in Eq.  (6) using the midpoint 
method, the relationship between the heating or cooling input rate 
(𝑞𝑖𝑛𝑡 ) and the indoor temperature (𝑇 𝑎𝑖𝑟

𝑡 ) can be determined, resulting 
in explicit expressions for 𝑞𝑖𝑛𝑡  and 𝑇 𝑎𝑖𝑟

𝑡 , as presented in Eqs. (7) and (8). 

𝑞𝑖𝑛𝑡 =(
𝛼1
2

+
𝛼2

3600
)𝑇 𝑎𝑖𝑟

𝑡 + (
𝛼1
2

−
𝛼2

3600
)𝑇 𝑎𝑖𝑟

𝑡−1
𝑎𝑖𝑟,𝑜𝑢𝑡

(7)

− 𝛼1𝑇𝑡



S. Kang et al. Energy Conversion and Management 349 (2026) 120759 
𝑇 𝑎𝑖𝑟
𝑡 =

(𝑞𝑖𝑛𝑡 + 𝛼1𝑇
𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡 − 𝑇 𝑎𝑖𝑟

𝑡−1(
𝛼1
2 − 𝛼2

3600 ))

( 𝛼12 + 𝛼2
3600 )

(8)

The minimum and maximum heating or cooling inputs are calcu-
lated by substituting the temperature bounds (𝑇 𝑎𝑖𝑟𝑚𝑖𝑛 and 𝑇 𝑎𝑖𝑟𝑚𝑎𝑥) into 
Eq. (7), yielding: 
𝑞𝑖𝑛,𝑚𝑖𝑛𝑡 = (

𝛼1
2

+
𝛼2

3600
)𝑇 𝑎𝑖𝑟𝑚𝑖𝑛 + (

𝛼1
2

−
𝛼2

3600
)𝑇 𝑎𝑖𝑟

𝑡−1 − 𝛼1𝑇
𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡 , (9)

𝑞𝑖𝑛,𝑚𝑎𝑥𝑡 = (
𝛼1
2

+
𝛼2

3600
)𝑇 𝑎𝑖𝑟𝑚𝑎𝑥 + (

𝛼1
2

−
𝛼2

3600
)𝑇 𝑎𝑖𝑟

𝑡−1 − 𝛼1𝑇
𝑎𝑖𝑟,𝑜𝑢𝑡
𝑡 , (10)

where 𝑇 𝑎𝑖𝑟𝑚𝑖𝑛 and 𝑇 𝑎𝑖𝑟𝑚𝑎𝑥 denote the minimum and maximum allowable 
indoor temperatures for heating and cooling, respectively (◦C).

2.2.3. Modelling of supplementary lighting loads
Previous studies have shown that appropriate lighting is essential 

for the growth and welfare of pigs [44]. In this study, artificial lighting 
is used as a supplement to meet the required illumination when solar 
radiation is insufficient.

The required artificial lighting, excluding the contribution from 
solar irradiation, is calculated as: 
𝐿𝑙𝑢𝑥 = 𝐿𝑙𝑢𝑥𝑠𝑒𝑡 − 𝐿𝑙𝑢𝑥𝑠𝑜𝑙𝑎𝑟, (11)

where 𝐿𝑙𝑢𝑥 is the required artificial lighting illuminance (lm∕m2); 𝐿𝑙𝑢𝑥𝑠𝑒𝑡
is the minimum illuminance required for pig growth (lm∕m2); and 
𝐿𝑙𝑢𝑥𝑠𝑜𝑙𝑎𝑟 is the illuminance contributed by solar radiation entering 
through windows (lm∕m2). The illuminance contribution from solar 
radiation, 𝐿𝑙𝑢𝑥𝑠𝑜𝑙𝑎𝑟, is calculated as: 

𝐿𝑙𝑢𝑥𝑠𝑜𝑙𝑎𝑟 =
𝐼𝑇𝑆𝑤𝑖𝑛𝜂
𝐴𝑟𝑜𝑜𝑚

, (12)

where 𝐼𝑇  is the solar irradiation entering the room through the win-
dows (W∕m2); 𝑆𝑤𝑖𝑛 is the window area (m2); 𝜂 is the spectral luminous 
efficacy (lm∕W); and 𝐴𝑟𝑜𝑜𝑚 is the room area (m2). The total solar 
irradiance 𝐼𝑇  on the inclined window surfaces can be calculated as 
follows, assuming that the pig house has windows facing two opposite 
directions [45]: 

𝐼𝑇 = 𝐼𝑏𝑅𝑏 + 2𝐼𝑑

(

1 + cos 𝛽
2

)

+ 2𝐼𝜌𝑔

(

1 − cos 𝛽
2

)

, (13)

where 𝐼𝑏 is the direct beam irradiance (W∕m2); 𝑅𝑏 is the tilted surface 
beam radiation factor, defined as the ratio of beam radiation on a tilted 
surface to that on a horizontal surface; 𝐼𝑑 is the diffuse irradiance 
(W∕m2); 𝐼 is the global irradiance on a horizontal surface (W∕m2); 𝜌𝑔
is the ground reflectance (albedo); and 𝛽 is the tilt angle of the surface 
(set to 90◦ in this analysis). The tilted surface beam radiation factor 𝑅𝑏
is given by: 

𝑅𝑏 =
cos (𝜙 − 𝛽)cos𝛿cos𝜔1+𝜔2

2 + sin(𝜙 − 𝛽)sin𝛿

cos𝜙cos𝛿cos𝜔1+𝜔2
2 + sin𝜙sin𝛿

, (14)

where 𝜙 is the latitude (◦); 𝛿 is the solar declination angle (◦); and 
𝜔1, 𝜔2 denote the solar hour angles at the beginning and end of the 
time period (◦). Given the global irradiance 𝐼 , the direct and diffuse 
components, 𝐼𝑏 and 𝐼𝑑 , can be obtained using Eqs. (15)–(18),

𝐼𝑏 + 𝐼𝑑 = 𝐼, (15)

𝐼𝑑
𝐼

=

⎧

⎪

⎨

⎪

⎩

1.0 − 0.249𝑘𝑇 , for 0 ≤ 𝑘𝑇 ≤ 0.35
1.557 − 1.84𝑘𝑇 , for 0.35 < 𝑘𝑇 < 0.75

0.177, for 𝑘𝑇 > 0.75
, (16)

where 𝐼𝑑𝐼  is the fraction of diffuse irradiance, and 𝑘𝑇  is the clearness 
index, which represents the atmospheric condition. The clearness index 
𝑘𝑇  is subject to Eqs. (17) and (18). The clearness index 𝑘𝑇  is calculated 
as follows: 
𝑘𝑇 = 𝐼 , (17)
𝐼𝑜
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where 𝐼𝑜 is the extraterrestrial irradiance on a horizontal surface 
(W∕m2). 𝐼𝑜 is calculated as follows [45]: 

𝐼𝑜 =
12 × 3600

𝜋
𝐺𝑠𝑐

(

1 + 0.033cos 360𝑛
365

)

[

cos𝜙 cos 𝛿(sin𝜔2 − sin𝜔1) +
𝜋(𝜔2 − 𝜔1)

180
sin𝜙 sin 𝛿

], (18)

where 𝐺𝑠𝑐 is the solar constant (approximately 1367 W∕m2), and 𝑛
denotes the day of the year.

2.3. Modelling of energy system components

The proposed rural energy system mainly consists of PV panels, a 
biogas digester, biogas engines, and batteries.

2.3.1. PV modelling
Solar panels convert solar energy into electrical energy. The output 

power of the PV module is calculated as [35]: 

𝑃 𝑝𝑣
𝑡 =

𝐺𝑡
1000

𝑃𝑉𝑟𝑎𝑡𝑒𝑑 , (19)

where 𝐺𝑡 denotes the global horizontal irradiance (GHI) (W∕m2), and 
𝑃𝑉𝑟𝑎𝑡𝑒𝑑 represents the rated power of PV panels (kW).

The electricity generated by the PV module during time period 𝑡 is 
given by [35]: 
𝐸𝑝𝑣
𝑡 = 𝑃 𝑝𝑣

𝑡 𝛥𝑡𝜂𝑐𝑜𝑛𝑣, (20)

where 𝛥𝑡 denotes the operation duration (1 h), and 𝜂𝑐𝑜𝑛𝑣 represents the 
conversion efficiency of the converter.

2.3.2. Biogas modelling
The biogas produced in the digester drives a biogas engine for 

electricity generation. The total electricity generated from biogas in a 
day is calculated as [35]: 
𝐸𝑡𝑜𝑡𝑎𝑙
𝑏𝑖𝑜 = 𝑉𝑏𝑖𝑜𝐶𝑎𝑙𝑏𝑖𝑜𝜂𝑏𝑖𝑜, (21)

where 𝑉𝑏𝑖𝑜 is the total volume of biogas available for supply to the bio-
gas engine (m3), as shown in Eq. (1); 𝐶𝑎𝑙𝑏𝑖𝑜 is the calorific value of bio-
gas (kWh∕m3); and 𝜂𝑏𝑖𝑜 is the system efficiency of biogas-to-electricity 
conversion.

The required volume of the digester is determined by [35]: 

𝑉𝑑 =
𝑉𝑏𝑖𝑜

𝜎
(

𝜅
1+𝜅𝑅

)

𝑆𝑏𝑖𝑜

, (22)

where 𝜎 is the maximum amount of biogas that can be produced 
from 1 kg of volatile solids in a feedstock (m3∕kg); 𝜅 is a constant 
indicating the rate of gas production at a given temperature; 𝑅 is the 
feedstock retention time (day); and 𝑆𝑏𝑖𝑜 is the initial volatile solid (VS) 
concentration in the animal manure and crop residues (kg∕m3).

2.3.3. Battery modelling
Batteries serve as a reliable backup power source when other gener-

ation components fail to meet the load demand. They also perform an 
arbitrage function by charging during periods of low electricity prices 
and discharging during high-price periods. Batteries therefore play a 
vital role in ensuring reliable electricity supply in the rural energy 
system. The state-of-charge (SOC) is the ratio of the energy stored in 
the battery to its total rated capacity (𝐶𝑎𝑝𝑏𝑎𝑡) and is calculated as [46]: 

𝑆𝑂𝐶𝑡 = 𝑆𝑂𝐶𝑡−1 +
𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 𝜂𝑐ℎ
𝐶𝑎𝑝𝑏𝑎𝑡

+
𝐸𝑏𝑎𝑡,𝑜𝑢𝑡
𝑡

𝐶𝑎𝑝𝑏𝑎𝑡𝜂𝑑𝑖𝑠
, (23)

where 𝑆𝑂𝐶𝑡 denotes the charge state of the battery at time 𝑡; 𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡  and 

𝐸𝑏𝑎𝑡,𝑜𝑢𝑡
𝑡  represent the charging and discharging energy of the battery at 

𝑡 th hour (𝐸𝑏𝑎𝑡,𝑜𝑢𝑡
𝑡 < 0) (kWh); and 𝜂𝑐ℎ and 𝜂𝑑𝑖𝑠 are the charging and 

discharging efficiency of the battery, respectively.
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Fig. 2. Operation strategy flowchart of the rural energy system.
The maximum and minimum charging and discharging electricity 
at 𝑡th hour, denoted as 𝐸𝑐𝑎𝑝𝑚𝑎𝑥

𝑡  and 𝐸𝑐𝑎𝑝𝑚𝑖𝑛
𝑡  are determined by: 

𝐸𝑐𝑎𝑝𝑚𝑎𝑥
𝑡 =

(𝑆𝑂𝐶𝑚𝑎𝑥 − 𝑆𝑂𝐶𝑡−1)𝐶𝑎𝑝𝑏𝑎𝑡

𝜂𝑐ℎ
, (24)

𝐸𝑐𝑎𝑝𝑚𝑖𝑛
𝑡 = (𝑆𝑂𝐶𝑡−1 − 𝑆𝑂𝐶𝑚𝑖𝑛)𝐶𝑎𝑝𝑏𝑎𝑡𝜂𝑑𝑖𝑠, (25)

where 𝐸𝑐𝑎𝑝𝑚𝑎𝑥
𝑡  is the maximum electricity that can be charged to 

reach the maximum state of charge at time 𝑡 (kWh); 𝐸𝑐𝑎𝑝𝑚𝑖𝑛
𝑡  is the 

maximum electricity that can be discharged to reach the lower SOC 
limit (kWh); and 𝑆𝑂𝐶𝑚𝑎𝑥 and 𝑆𝑂𝐶𝑚𝑖𝑛 are the maximum and minimum 
SOC, respectively.

2.4. Operation strategy considering demand-side response and time-varying 
electricity prices

The operation strategy coordinates PV generation, biogas, battery 
storage, and the main grid to optimise energy distribution and max-
imise renewable energy utilisation. The following subsections present 
the maximum self-consumption strategy, the demand-side response 
strategy, and the battery charging/discharging strategy, with consid-
eration of time-varying electricity prices.

2.4.1. Operation strategy description
The operation strategy integrates the MSC strategy, the demand-

side response, and the battery charging/discharging strategies, taking 
electricity pricing into account. In the MSC strategy, the rural energy 
system prioritises PV generation to satisfy electricity demand. During 
solar power deficits, the biogas engine compensates for the shortfall, 
7 
while the batteries and the main grid provide supplementary supply. 
The storage system can be charged using either surplus PV generation 
or grid electricity during low-price periods, and any remaining excess 
PV electricity is exported to the grid.

Considering time-of-use electricity pricing with peak, mid-peak, and 
off-peak periods, the demand-side response and battery charging/dis-
charging strategies are incorporated into the operation strategy to shift 
peak loads and minimise system costs. The rural energy system operates 
under the following strategies aside from the MSC strategy:

(1) The demand-side response strategy accounts for TOU electricity 
pricing by dynamically adjusting the heating/cooling loads in the pig 
farm in response to varying electricity rates. During peak and mid-peak 
periods, the strategy prioritises meeting basic heating/cooling need, 
maintaining the indoor temperature at the lower bound. Surplus PV 
generation, if available, is used to increase indoor temperature. If PV 
generation is insufficient to meet the basic heating/cooling demand, 
biogas engine supplements the load, with battery storage and grid 
power serving as backups. During off-peak periods, PV and grid power 
are used to meet the maximum heating/cooling load, raising the indoor 
temperature to the upper bound and effectively transforming the pig 
house into a thermal energy storage system.

(2) The charging and discharging strategy of the batteries also 
considers time-of-use electricity pricing, adjusting battery operation 
based on varying electricity rates. During peak and mid-peak periods, 
surplus PV energy is first used to charge the batteries. When PV and 
biogas generation cannot meet the load, the batteries are discharged 
to bridge the gap. During off-peak periods, batteries are fully charged 
using excess PV energy, if available, along with electricity from the 
grid.
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2.4.2. Overall operation strategy
The overall operation strategy is illustrated in Fig.  2. The strategy 

consists of the MSC strategy, the demand-side response strategy, and 
the battery charging and discharging strategy. At each time step, the 
heating and cooling inputs are adjusted according to the time-varying 
electricity price, under the constraint that the indoor temperature 
remains within the permissible range. The strategy also determines, at 
each time step, the output of the generation units, the charging and 
discharging behaviour of the battery, and the electricity exchange with 
the grid to meet demand.

Taking the heating demand scenario as an example, hourly ir-
radiance data, fixed residential electricity consumption, and outdoor 
temperature are used as inputs. The decision variables are then gen-
erated. All variables prefixed with 𝐸 in the following equations are 
expressed in kilowatt-hours (kWh). First, the minimum and maximum 
heating supply 𝐸ℎ𝑐𝑏𝑒

𝑡  and 𝐸ℎ𝑐𝑛𝑑
𝑡  are calculated as: 

𝐸ℎ𝑐𝑏𝑒
𝑡 =

𝑞𝑖𝑛,𝑚𝑖𝑛𝑡
𝐶𝑂𝑃

𝛥𝑡, (26)

𝐸ℎ𝑐𝑛𝑑
𝑡 =

𝑞𝑖𝑛,𝑚𝑎𝑥𝑡
𝐶𝑂𝑃

𝛥𝑡, (27)

where 𝐸ℎ𝑐𝑏𝑒
𝑡  is the minimum supplied electricity for heating at time 𝑡; 

COP is the coefficient of performance of the heat pump; and 𝐸ℎ𝑐𝑛𝑑
𝑡  is 

the maximum supplied electricity for heating at time 𝑡.
In the MSC strategy, if PV generation exceeds the basic load, the 

biogas engine output is set to zero. If PV generation cannot meet the 
basic load, the biogas engine is activated. The biogas engine generation 
𝐸𝑏𝑖𝑜
𝑡  is given by: 

𝐸𝑏𝑖𝑜
𝑡 = min

{

𝐸𝑙𝑜𝑎𝑑1
𝑡 + 𝐸𝑙𝑜𝑎𝑑2

𝑡 + 𝐸ℎ𝑐𝑏𝑒
𝑡 − 𝐸𝑝𝑣

𝑡 ,

𝑃𝑏𝑖𝑜𝛥𝑡, 𝐸
𝑡𝑜𝑡𝑎𝑙
𝑏𝑖𝑜 − 𝑇 𝑜𝑡𝑎𝑙𝐸𝑏𝑖𝑜

𝑡

} , (28)

where 𝑃𝑏𝑖𝑜 is the rating power of the biogas engine (kW), and 𝑇 𝑜𝑡𝑎𝑙𝐸𝑏𝑖𝑜
𝑡

is the cumulative biogas electricity generation up to time 𝑡.
In the demand-side response and battery charging/discharging

strategies, if PV generation exceeds the basic load and hour 𝑡 is 
an off-peak period, the heating supply (𝐸ℎ𝑐

𝑡 ), the battery charging 
energy (𝐸𝑏𝑎𝑡,𝑖𝑛

𝑡 ), and the imported electricity (𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 ) are calculated 

as follows: 
𝐸ℎ𝑐
𝑡 = min(𝐸ℎ𝑐𝑛𝑑

𝑡 , 𝑃 ℎ𝑒𝑎𝑡
𝑚𝑎𝑥 𝛥𝑡), (29)

𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 = min(𝑃 𝑏𝑎𝑡

𝑚𝑎𝑥𝛥𝑡, 𝜇𝐸
𝑐𝑎𝑝𝑚𝑎𝑥
𝑡 ), (30)

𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 = max(𝐸𝑙𝑜𝑎𝑑1

𝑡 + 𝐸𝑙𝑜𝑎𝑑2
𝑡 + 𝐸ℎ𝑐

𝑡 − 𝐸𝑝𝑣
𝑡 − 𝐸𝑏𝑖𝑜

𝑡 + 𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 , 0), (31)

where 𝐸ℎ𝑐
𝑡  is the electricity supplied for heating at time 𝑡; 𝑃 ℎ𝑒𝑎𝑡

𝑚𝑎𝑥  is the 
maximum power of the heat pump (kW); 𝑃 𝑏𝑎𝑡

𝑚𝑎𝑥 is the maximum charging 
and discharging power of the battery (kW); 𝜇 is a proportionality 
coefficient used to control the battery charging amount; 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

𝑡  is 
the imported electricity from the grid at time 𝑡; 𝐸𝑏𝑖𝑜

𝑡  is the electricity 
provided by the biogas engine at time 𝑡; 𝐸𝑙𝑜𝑎𝑑1

𝑡  is the fixed residential 
load; and 𝐸𝑙𝑜𝑎𝑑2

𝑡  represents the lighting and ventilation loads of the pig 
farm.

Otherwise, 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 = 0, and 𝐸ℎ𝑐

𝑡  and 𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡  are calculated as: 

𝐸ℎ𝑐
𝑡 = min

{

𝐸ℎ𝑐𝑛𝑑
𝑡 , 𝑃 ℎ𝑒𝑎𝑡

𝑚𝑎𝑥 𝛥𝑡, 𝐸
𝑝𝑣
𝑡 − 𝐸𝑙𝑜𝑎𝑑1

𝑡 − 𝐸𝑙𝑜𝑎𝑑2
𝑡 + 𝐸𝑏𝑖𝑜

𝑡

}

, (32)

𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 = min

{

𝑃 𝑏𝑎𝑡
𝑚𝑎𝑥𝛥𝑡, 𝜇𝐸

𝑐𝑎𝑝𝑚𝑎𝑥
𝑡 ,

𝐸𝑝𝑣
𝑡 + 𝐸𝑏𝑖𝑜

𝑡 − 𝐸𝑙𝑜𝑎𝑑1
𝑡 − 𝐸𝑙𝑜𝑎𝑑2

𝑡 − 𝐸ℎ𝑐
𝑡

}. (33)

If PV generation is insufficient and hour 𝑡 is an off-peak period, 𝐸ℎ𝑐
𝑡 , 

𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 , and 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

𝑡  are determined using Eqs. (29)–(31); otherwise, 
only the basic load demand is satisfied.
8 
In the MSC strategy, if PV generation exceeds the basic load, the 
excess electricity (𝐸𝑒𝑥𝑐𝑒

𝑡 ) is calculated as: 

𝐸𝑒𝑥𝑐𝑒
𝑡 = 𝐸𝑝𝑣

𝑡 − 𝐸𝑙𝑜𝑎𝑑1
𝑡 − 𝐸𝑙𝑜𝑎𝑑2

𝑡 − 𝐸ℎ𝑐
𝑡 − 𝐸𝑏𝑎𝑡,𝑖𝑛

𝑡 , (34)

where 𝐸𝑒𝑥𝑐𝑒
𝑡  represents the surplus PV generation after meeting the 

heating load and charging the batteries at time 𝑡. Any excess electricity, 
if available, is exported to the grid. If PV generation is not enough, and 
it is not an off-peak period, and the biogas output can meet the basic 
load, then 𝐸𝑏𝑎𝑡,𝑜𝑢𝑡

𝑡 = 0 and 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 = 0; otherwise, if the biogas output 

cannot meet the basic load, they are calculated as: 

𝐸𝑏𝑎𝑡,𝑜𝑢𝑡
𝑡 = −min

{

𝐸𝑙𝑜𝑎𝑑1
𝑡 + 𝐸𝑙𝑜𝑎𝑑2

𝑡 + 𝐸ℎ𝑐
𝑡 − 𝐸𝑝𝑣

𝑡 − 𝐸𝑏𝑖𝑜
𝑡 ,

𝑃 𝑏𝑎𝑡
𝑚𝑎𝑥𝛥𝑡, 𝐸

𝑐𝑎𝑝𝑚𝑖𝑛
𝑡

} , (35)

𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 = 𝐸𝑙𝑜𝑎𝑑1

𝑡 + 𝐸𝑙𝑜𝑎𝑑2
𝑡 + 𝐸ℎ𝑐

𝑡 − 𝐸𝑝𝑣
𝑡 − 𝐸𝑏𝑖𝑜

𝑡 + 𝐸𝑏𝑎𝑡,𝑜𝑢𝑡
𝑡 . (36)

Finally, the cumulative totals 𝑇 𝑜𝑡𝑎𝑙𝐸𝑏𝑖𝑜
𝑡 , 𝑇 𝑜𝑡𝑎𝑙𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝

𝑡 , and
𝑇 𝑜𝑡𝑎𝑙𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

𝑡  are updated, representing the total biogas generation, 
exported electricity, and imported electricity up to time 𝑡, respectively. 
During the final hours of the day, the batteries will be charged or 
discharged to ensure that the end-of-day SOC matches the initial SOC.

2.5. Net-zero scenario-based stochastic planning

A scenario-based stochastic planning model is employed to tackle 
the uncertainties associated with solar irradiance. The model deter-
mines the optimal system configuration with the objective of minimis-
ing the system costs while achieving the net-zero emissions target.

2.5.1. Scenario generation
As illustrated in Fig.  3, seasonal variations are incorporated into the 

model. The seasonal characteristics of power generation and electric 
load data are considered, and representative days for spring, sum-
mer, autumn, and winter are extracted using the K-means clustering 
method. Seasonal data are represented by the months of March, June, 
September, and December. The specific procedure is elaborated as 
follows [46].

(1) The historical monthly data of solar irradiance and electric load 
are divided into four datasets corresponding to the four seasons. The 
electric load profiles are represented by four typical seasonal scenarios.

(2) K-means clustering is applied to each seasonal solar irradiance 
dataset. Taking spring as an example, the dataset is clustered into three 
groups, yielding three representative scenarios and their corresponding 
probabilities.

In total, 12 representative scenarios are obtained to capture both 
seasonal and annual variations in solar resources and electrical loads. 
The operation strategy is implemented on a 24-hour basis with hourly 
resolution within each scenario, reflecting the typical daily operation 
pattern of the pig farm energy system. In contrast, the stochastic 
planning is performed on an annual basis to capture long-term system 
behaviour. This approach enables the operation strategies to be applied 
within each scenario while ensuring that the planning reflects annual 
system variability, thus providing a tractable yet realistic modelling 
framework.

The probability 𝜋𝑠 of each scenario 𝑠 is calculated as [47]: 
𝜋𝑠 = 𝜋𝑚𝜋𝑚

𝑠𝑜𝑙𝑎𝑟, (37)

where 𝜋𝑚 is the probability of the seasons and is equal to the ratio of 
the days of the season to the total days of the year, and 𝜋𝑚

𝑠𝑜𝑙𝑎𝑟 is the 
probability of solar irradiance scenarios in season 𝑚, calculated as the 
ratio of scenario days to the total days in the month.

2.5.2. Net-zero driven optimisation
The net-zero driven optimisation framework is further elaborated 

in the following subsections, including the objective function and the 
associated constraints.
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Fig. 3. Framework flowchart of the scenario-based stochastic planning model.
 

2.5.2.1. Objective function. The risk-neutral stochastic optimisation
method is applied. The objective of the optimisation model is to 
minimise total annual costs under the carbon neutrality constraint. To 
rigorously enforce zero carbon emissions, a penalty function quantify-
ing carbon output is incorporated into the optimisation formulation. 
The optimal planning problem is solved using a GA. The objective 
function is expressed as: 
min𝐹 = 𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙 + 𝑃𝑐𝑎𝑟𝑏𝑜𝑛, (38)

where 𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙 denotes the total annual cost (CNY), and 𝑃𝑐𝑎𝑟𝑏𝑜𝑛 repre-
sents the carbon-penalty function.

The total annual cost comprises the annualised investment cost and 
annual operation cost. The total annual cost is calculated as: 
𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑖𝑛 + 𝐶𝑜𝑝, (39)

𝐶𝑜𝑝 = 365
𝑆
∑

𝑠=1
𝜋𝑠𝐶𝑜𝑝

𝑠, (40)

where 𝐶𝑜𝑝
𝑠 is the operation cost of scenario 𝑠 (CNY).

The investment cost includes the total acquisition cost over the 
project lifetime covering both initial investment cost and replacement 
cost. The annualised equipment investment cost is obtained by amor-
tising the total lifecycle expenditure using a capital recovery factor. It 
is given by [48]: 

𝐶𝑖𝑛 = 𝐶𝑅𝐹 (𝑑, 𝑙)
𝑀
∑

𝑖=1

[

(𝑎𝑖 + 𝑏𝑖∕(1 + 𝑑)𝑦𝑖 )𝑃 𝑐𝑎𝑝
𝐺,𝑖

]

, (41)

where 𝑙 represents the lifetime of the project (year); 𝑑 denotes the 
discount rate; 𝑀 represents the number of equipment categories; 𝑎𝑖
and 𝑏𝑖 are the equipment initial investment cost and replacement cost 
(CNY per unit capacity); 𝑦𝑖 denotes the replacement year of equipment 
𝑖 (year); and 𝑃 𝑐𝑎𝑝

𝐺,𝑖  is the capacity for equipment 𝑖 (kW or kWh). The 
capital recovery factor, which converts the total investment into an 
equivalent annualised cost, is defined as: 

𝐶𝑅𝐹 (𝑑, 𝑙) =
𝑑(1 + 𝑑)𝑙

(1 + 𝑑)𝑙 − 1
. (42)

The system operation cost comprises the cost of purchased electricity, 
the revenue from electricity sales, and equipment maintenance ex-
penses. The annual operation cost 𝐶𝑜𝑝 is calculated using Eqs. (43)–(45):

𝐶𝑜𝑝 = 365
𝑆
∑

𝜋𝑠(𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦
𝑠 − 𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙

𝑠 ) +
𝑀
∑

𝑐𝑖𝑃
𝑐𝑎𝑝
𝐺,𝑖 , (43)
𝑠=1 𝑖=1
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𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦
𝑠 =

24
∑

𝑡=1
𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑠,𝑡 𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦

𝑡 , (44)

𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙
𝑠 =

24
∑

𝑡=1
𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝
𝑠,𝑡 𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙

𝑡 , (45)

where 𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦
𝑠  and 𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙

𝑠  are the daily electricity purchase cost and 
sales revenue from the grid in scenario 𝑠, respectively (CNY); 𝑐𝑖 is the 
annual maintenance cost of unit capacity of equipment 𝑖 (CNY per 
unit capacity); 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

𝑠,𝑡  and 𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝
𝑠,𝑡  are the imported and exported 

electricity at time 𝑡 in scenario 𝑠, respectively (kWh); and 𝐶𝑔𝑟𝑖𝑑,𝑏𝑢𝑦
𝑡  and 

𝐶𝑔𝑟𝑖𝑑,𝑠𝑒𝑙𝑙
𝑡  are the prices of buying and selling electricity at time 𝑡 (CNY).
The carbon penalty function quantifies annual carbon emissions 

based on the net grid electricity imports. Renewable generation and 
biomass are assumed to be carbon-neutral, and all system emissions 
are attributed to grid electricity purchases. The penalty function 𝑃𝑐𝑎𝑟𝑏𝑜𝑛
is given by Eqs. (46)–(48): 

𝑃𝑐𝑎𝑟𝑏𝑜𝑛 = 𝛾
|

|

|

|

|

|

365
𝑆
∑

𝑠=1
𝜋𝑠(𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

𝑠 − 𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝
𝑠 )

|

|

|

|

|

|

, (46)

𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝
𝑠 =

24
∑

𝑡=1
𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝
𝑠,𝑡 , (47)

𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑠 =

24
∑

𝑡=1
𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑠,𝑡 , (48)

where 𝛾 is the penalty coefficient, and 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑠  and 𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝

𝑠  are the 
total daily imported and exported electricity in scenario 𝑠 (kWh).

2.5.2.2. Constraints. The objective function is subject to the following 
constraints:

(1) Equipment capacity constraints. The equipment capacity is re-
stricted by: 

𝑃 𝑐𝑎𝑝,𝑚𝑖𝑛
𝐺,𝑖 ≤ 𝑃 𝑐𝑎𝑝

𝐺,𝑖 ≤ 𝑃 𝑐𝑎𝑝,𝑚𝑎𝑥
𝐺,𝑖 . (49)

(2) Energy balance constraint. At each time step 𝑡, the total input 
and output energy must remain balanced, as expressed in Eq. (50): 
⎧

⎪

⎨

⎪

𝐸𝑝𝑣
𝑡 + 𝐸𝑏𝑖𝑜

𝑡 + 𝐸𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
𝑡 = 𝐸𝑙𝑜𝑎𝑑

𝑡 + |𝐸ℎ𝑐
𝑡 |+

𝐸𝑏𝑎𝑡,𝑖𝑛
𝑡 + 𝐸𝑏𝑎𝑡,𝑜𝑢𝑡

𝑡 + 𝐸𝑔𝑟𝑖𝑑,𝑒𝑥𝑝
𝑡

Eqs. (31) (34) (36)
. (50)
⎩
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Fig. 4. Extracted 3 typical daily solar irradiance scenarios of each season by k -means clustering.
Fig. 5. The typical profiles of fixed load under different seasons.
(3) Constraints for power generation and biogas digester. Eq. (51) 
defines the upper and lower output limits for power generators and the 
biogas digester: 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑃𝑏𝑖𝑜,𝑚𝑖𝑛𝛥𝑡 ≤ 𝐸𝑏𝑖𝑜
𝑡 ≤ 𝑃𝑏𝑖𝑜,𝑚𝑎𝑥𝛥𝑡

0 ≤ 𝑃 𝑝𝑣
𝑡 ≤ 𝑃 𝑝𝑣

𝑟𝑎𝑡𝑒𝑑
𝑉𝑑,𝑚𝑖𝑛 ≤ 𝑉𝑑 ≤ 𝑉𝑑,𝑚𝑎𝑥
Eqs. (19) (20) (21) (22) (28)

, (51)

where 𝑃𝑏𝑖𝑜,𝑚𝑖𝑛, 𝑃𝑏𝑖𝑜,𝑚𝑎𝑥 are the minimum and maximum output limits of 
the biogas engine (kW), respectively, and 𝑉𝑑,𝑚𝑖𝑛 and 𝑉𝑑,𝑚𝑎𝑥 represent 
the minimum and maximum volume limits of the biogas digester (m3).

(4) Constraints for the battery energy storage system. The con-
straints of the storage battery are formulated as follows: 
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑆𝑂𝐶1,0 = 𝑆𝑂𝐶𝑚𝑖𝑛

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑡 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥

𝑆𝑂𝐶𝑠,0 = 𝑆𝑂𝐶𝑠,24 = 𝑆𝑂𝐶𝑠+1,0
𝑃 𝑏𝑎𝑡,𝑖𝑛
𝑡 ≤ 𝑃𝑚𝑎𝑥

𝑏𝑎𝑡
|𝑃 𝑏𝑎𝑡,𝑜𝑢𝑡

𝑡 | ≤ 𝑃𝑚𝑎𝑥
𝑏𝑎𝑡

Eqs. (23) (24) (25) (30) (33) (35)

. (52)

(4) Constraints for the heating and cooling load. The heating and 
cooling load constraints are expressed as follows: 
{

𝑇 𝑎𝑖𝑟
𝑠,0 = 𝑇 𝑎𝑖𝑟

𝑠,24
Eqs. (26) (27) (29) (32) . (53)

3. Results and discussion

This section presents the case study setup, the results of the case 
study, including the optimal outcomes of the proposed rural energy 
system planning model, comparative analyses with other models, and 
a discussion of the findings and the limitations of the study.

3.1. Case study setup

The case study is conducted on a rural energy system located in 
Hubei Province, China, where the prototype village includes a pig 
farm. This analysis demonstrates the effectiveness of the proposed 
model. Typical daily solar irradiance scenarios are extracted from 
annual global horizontal irradiance data, obtained from the National 
Solar Radiation Database (NSRDB) [49], as illustrated in Fig.  4. The 
10 
Fig. 6. Convergence curve of the GA.

K-means clustering is performed using squared Euclidean distance as 
the similarity measure, k-means++ initialisation, a maximum of 100 
iterations, and a single replicate. Here, k-means++ initialisation is an 
improved method for selecting initial cluster centres, which enhances 
convergence speed and clustering stability, while a single replicate 
indicates that the algorithm is executed only once, rather than multiple 
times to select the best solution. The fixed residential load data are 
derived from historical records and data from comparable villages [50]. 
Similarly, fixed ventilation load data are estimated based on historical 
data and operational parameters from similar pig farms [12]. Fig.  5 
shows the typical daily profiles of the sum of the two fixed loads. The 
key technical parameters of the system components are listed in Table 
1. The project lifetime is set to 20 years. The technical specifications 
of the battery and biogas system are shown in Tables  2 and 3, respec-
tively. Table  4 gives the time-of-use electricity prices adopted in the 
simulation.

All simulations are implemented on a personal computer equipped 
with a CPU: 11th Gen Intel(R) Core(TM) i7-1165G7 @ 2.80 GHz 
1.69 GHz and 16.0 GB of RAM.

3.2. Optimal results of the proposed rural energy system planning model

The proposed rural energy system planning is solved using a GA. 
The convergence behaviour of the GA is shown in Fig.  6. The optimal 
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Table 1
Components parameters.
 Component Rated capacity Capital cost/CNY Replacement cost/CNY Maintenance cost/CNY/yr Lifetime/yr 
 Solar PV 1 kW 5100 5100 150 20  
 Biogas engine 3 kW 10,000 10,000 300 5  
 Biogas digester 1 m3 300 300 10 20  
 Li-on battery 10 kWh 10,000 10,000 800 10  
 Bidirectional converter 1 kW 1000 1000 50 20  
Table 2
Specification of the battery.
 Indicator Unit Value 
 Rated capacity kWh 10  
 Charge and discharge efficiency % 93  
 Maximum charge power kW 2  
 𝑆𝑂𝐶𝑚𝑖𝑛 % 10  
 𝑆𝑂𝐶𝑚𝑎𝑥 % 90  

Table 3
Specification of the biogas system.
 Indicator Unit Value 
 Biogas engine rated capacity kWh 3  
 Calorific value of biogas kWh/m3 5.46  
 Overall efficiency of biogas system % 25  

Table 4
Time-of-use electricity prices.
 Time Purchase price (CNY/kWh) Sales price (CNY/kWh) 
 Peak hours
7:00–12:00, 18:00–22:00

1.062 0.85  

 Mid-peak hours
12:00–18:00, 22:00–00:00

0.637 0.57  

 Off-peak hours
00:00–7:00

0.312 0.22  

configuration results of the proposed rural model are summarised in 
Table  5. The optimal total annual cost is 3,091,340 CNY, as shown in 
Table  7.

Under the net-zero emissions constraint, the optimal installed capac-
ity of solar PV panels is 4626 kW. This is because, after meeting the load 
demand, the PV system must generate additional electricity for export 
to the grid to ensure net-zero emissions. The installed capacity of the 
bidirectional converter is 3888 kW, required to convert the PV output 
from DC to AC power. The biogas engine capacity is 276 kW, limited 
by the daily biogas production volume. The capacity of batteries is 350 
kWh, serving as an auxiliary energy buffer in the system.

Fig.  7 displays the operation results of the proposed model in differ-
ent scenarios. From 00:00 to 07:00, the load is supplied by the biogas 
engine and electricity purchased from the grid due to the absence of 
solar radiation, while the batteries are charged by the grid because 
it is off-peak hours. From 07:00 to 18:00, the PV output meets the 
load due to the sufficient solar radiation, and any excess electricity 
is exported to the grid. From 18:00 to 00:00, the biogas engine is 
activated to compensate for the lack of solar irradiance, while the 
battery is discharged and additional electricity is purchased from the 
grid to meet the demand. In summer, the PV system exports a larger 
amount of electricity to the grid because of the higher solar irradiance 
compared to other seasons. In winter, lower solar irradiance results in 
greater reliance on grid electricity to meet the load demand.

Fig.  8 shows the flexible heating and cooling load results in different 
scenarios. In summer, cooling is required, while heating is needed in 
other seasons. During the initial hours, the heating/cooling load is 
relatively high because these periods correspond to off-peak hours. 
the system purchases electricity from the grid to satisfy the heating 
or cooling demand required to maintain the indoor temperature at 
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Table 5
Optimal component sizes with carbon constraint.
 Component Parameter Value  
 Solar PV 𝑃𝑉𝑟𝑎𝑡𝑒𝑑 4626 kW 
 Biogas engine 𝑃𝑏𝑖𝑜 276 kW  
 Battery energy storage system 𝐶𝑎𝑝𝑏𝑎𝑡 350 kWh 
 Bidirectional AC–DC converter 𝑃𝑐𝑜𝑛𝑣 3888 kW 

Table 6
Optimal component sizes without carbon constraint.
 Component Parameter Value  
 Solar PV 𝑃𝑉𝑟𝑎𝑡𝑒𝑑 120 kW  
 Biogas engine 𝑃𝑏𝑖𝑜 234 kW  
 Battery energy storage system 𝐶𝑎𝑝𝑏𝑎𝑡 170 kWh 
 Bidirectional AC–DC converter 𝑃𝑐𝑜𝑛𝑣 101 kW  

Table 7
Cost and carbon emissions for systems with/without carbon constraint.
 Value Case 1 with carbon 

constraint
Case 2 without carbon 
constraint

 

 Total annual cost/CNY 3,091,340 2,647,370  
 Annualised equipment 
expenditure/CNY

3,733,189 459,613  

 Annual net electricity 
purchase cost/CNY

−641,849 2,187,757  

 Annual net electricity 
import/kWh

−43.6 4,156,504  

 Annual net carbon 
emissions/kg

−21.8 2,078,252  

Table 8
Cost for systems with different control strategies.
 Cost/CNY Case 1 with the novel 

operation strategy
Case 3 with the MSC 
operation strategy

 

 Total annual cost 3,091,340 3,521,711  
 Annualised equipment 
expenditure

3,733,189 3,529,475  

 Annual electricity purchase 
cost

1,493,227 2,064,501  

 Annual electricity sales 
revenue

2,135,076 2,072,265  

its upper or lower bound. Heating loads in spring and autumn are 
relatively high because of lower outdoor temperatures, which require 
additional heat input to maintain the desired indoor temperature. The 
indoor temperature curves remain within the specified permissible 
range throughout all scenarios.

3.3. Comparison results

To verify the effectiveness of the proposed rural energy system 
planning model, the following three cases are compared:
Case 1: The proposed system planning model incorporating a net-
zero emissions constraint and a novel operation strategy considering 
agricultural demand response.
Case 2: The system planning model that adopts the same operation 
strategy but excludes the net-zero emissions constraint.
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Fig. 7. Operation results of different scenarios. A B C represent typical days in spring. D E F represent typical days in summer. G H I represent typical days in 
autumn. J K L represent typical days in winter.
Fig. 8. Flexible heating/cooling load results in different scenarios. A B C represent typical days in spring. D E F represent typical days in summer. G H I represent 
typical days in autumn. J K L represent typical days in winter.
Case 3: The system planning model employing a conventional MSC op-
eration strategy without demand-side response or battery charging/dis-
charging strategies, but including the net-zero emissions constraint. In 
this case, solar PV meets demand first; excess charges batteries, then 
sells to the grid. If insufficient, the biogas engine supplements, then 
the battery discharges, and finally the grid supplies the rest.

3.3.1. Comparison between the proposed net-zero model and the non-net-
zero planning model

Case 1 incorporates a net-zero emissions constraint to achieve the 
carbon-neutral objective. Since it might result in higher system costs, it 
is crucial to conduct a comparative analysis with the system planning 
model without the carbon constraint. Table  6 demonstrates the optimal 
configuration results for the rural system planning without the net-zero 
emissions constraint. The unconstrained model results in a significantly 
smaller installed PV capacity compared with the net-zero constrained 
12 
case. This reduction occurs because surplus PV generation for grid 
export becomes unnecessary under carbon-unconstrained conditions.

Using an emission factor of 0.5 kg CO2 per kWh for electricity 
production, Table  7 illustrates that while Case 1 incurs 17% higher total 
annual costs than Case 2, it achieves a substantial annual reduction of 
2078 tons of carbon emissions. The annualised equipment expenditure 
includes the initial investment, replacement, and maintenance costs 
of system components, converted to their annual equivalents. The 
annualised equipment expenditure in Case 1 is higher than that in Case 
2 because Case 1 requires more PV panels to export electricity to the 
grid to achieve the net-zero emissions target. As shown in Figs.  9 and
10, PV panels account for 74% of the equipment expenditure in Case 
1, while the biogas module makes up 74% of the total equipment cost 
in Case 2.

The annual net electricity purchase cost in Case 1 is negative, as 
the system exports more electricity to the grid than it imports to ensure 
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Fig. 9. Equipment expenditure breakdown by components (Case 1).

Fig. 10. Equipment expenditure breakdown by components (Case 2).

that the annual net electricity balance approaches zero. In contrast, the 
high annual net electricity purchase cost in Case 2 indicates a stronger 
dependence on grid electricity to meet load demand.

3.3.2. Comparison between the proposed strategy model and the MSC 
strategy model

To demonstrate the advantages of the proposed system planning 
model, a comparative cost analysis is conducted against the system 
planning model with a conventional MSC operation strategy. Fig.  11 
compares the optimal planning results in Case 1 and Case 3. Case 
1 features a higher PV panel capacity compared to Case 3, which 
consequently necessitates a greater number of bi-converters. However, 
the capacities of the battery storage system and the biogas engine are 
comparatively lower.

As shown in Table  8, Case 1 exhibits notable economic benefits, 
achieving a 12% reduction in total annual costs compared to Case 
3. The annualised equipment expenditure in Case 1 exceeds that in 
Case 3, which can be attributed to the larger installed capacity of PV 
panels in Case 1. Despite reduced capacities of the batteries and biogas 
engines, the annualised equipment expenditure remains higher due to 
the comparatively higher unit cost of PV panels relative to batteries and 
biogas engines.

The annual electricity purchase cost in Case 1 is 28% lower than 
that in Case 3 and its annual electricity sales revenue is 3% higher. 
This outcome can be attributed to the operation strategy adopted in 
Case 1, which integrates both a demand-side response strategy and 
a time-of-use prices-based battery charging and discharging strategy. 
This operation strategy enables effective load shifting, thereby reducing 
electricity purchase costs. Fig.  12 illustrates the output of each compo-
nent for Case 1 and Case 3 on a typical spring day. As shown, compared 
to Case 3, Case 1 imports more electricity from the grid between 00:00 
and 07:00 due to the lower off-peak electricity price, which are used to 
charge the batteries and meet the maximum cooling/heating demand. 
In contrast, Case 3 imports a greater amount of electricity from the grid 
13 
Fig. 11. Optimal planning results in Case 1 and Case 3.

Fig. 12. Operation results of a typical day in spring (Case 1 and Case 3).

between 19:00 and 24:00. This is due to the depletion of the biogas 
engine and batteries during this period, forcing the system to rely on 
grid electricity at higher rates and thus increasing overall electricity 
costs.

3.4. Discussion

The results demonstrate that the proposed planning model, incorpo-
rating a novel operation strategy, achieves greater economic efficiency 
than the model employing a conventional MSC operation strategy. 
Meanwhile, the proposed zero-carbon planning model achieves signif-
icant CO2 emission reductions with only a modest increase in total 
system cost compared to the non-net-zero counterpart.

As the ventilation load constitutes only a small fraction of the total 
energy demand of a pig farm compared to the heating and cooling 
loads [40], this study does not model it explicitly but instead uses surro-
gate data from similar pig farm loads. Future research may incorporate 
the influence of ventilation load on the overall load of the pig farm and 
develop a more detailed model for ventilation.

In this study, animal welfare in pig production was considered 
through a defined indoor temperature range implemented as a con-
straint in the model, rather than incorporating it directly into the 
objective function. Research that quantitatively characterises pig ther-
mal comfort for direct integration into optimisation objectives remains 
limited, as most existing utility-based approaches are designed for 
human thermal comfort. Future studies could extend the model to in-
corporate pig welfare directly into the optimisation objective, allowing 
a more comprehensive evaluation of animal comfort and welfare.

4. Conclusion

This study proposes a net-zero stochastic planning model for pig 
farm-dominated rural energy systems, incorporating the agricultural 
demand response to optimise components sizing. The energy resources 
and loads associated with the pig farm are comprehensively modelled, 
and a novel operation strategy that accounts for agricultural demand-
side flexibility is developed. Uncertainties in renewable generation and 
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load demand are addressed through a scenario-based stochastic optimi-
sation framework solved using a GA. Based on comparative analyses, 
the main conclusions are as summarised follows:

(1) The proposed net-zero planning model successfully balances 
economic and environmental objectives. Despite a slight increase in 
total annual cost, it achieves a substantial annual reduction of 2078 
tons of CO2 emissions, demonstrating its effectiveness in balancing 
economic feasibility and environmental sustainability.

(2) The integration of the proposed novel operation strategy yields 
notable economic advantages. By strategically scheduling electricity 
imports during low-price periods, the strategy enables cost-effective 
load shifting, achieving 12% total annual cost savings compared to con-
ventional MSC operation strategies without agricultural demand-side 
response.

From a practical perspective, this study offers a useful reference for 
designers and planners of rural energy systems. By integrating flexible 
agricultural loads with local natural resources and implementing the 
proposed operation strategy, the planning model achieves economic 
efficiency and significant CO2 reductions. From a policy perspective, 
the proposed zero-carbon framework supports rural energy transition 
and decarbonisation, demonstrating that economically viable and envi-
ronmentally sustainable energy systems can be developed at the village 
scale. It also provides valuable evidence for promoting incentive mech-
anisms and net-zero initiatives in rural regions. At the community level, 
the study presents a feasible pathway toward zero-carbon rural devel-
opment, illustrating how the integration of flexible agricultural loads 
and local resources can enhance energy efficiency, reduce emissions, 
and foster sustainable and resilient rural energy infrastructure.

Building on this foundation, future research will extend the pro-
posed framework to other agricultural sectors, particularly greenhouse 
cultivation, aiming to develop integrated energy systems that leverage 
synergies between livestock and horticultural operations.
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