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a b s t r a c t 

This study investigates the potential of leveraging solar energy to establish an integrated multi-energy produc- 

tion system to supply heating, cooling, and electricity for passenger trains. The proposed tri-generation system 

combines photovoltaic-thermal (PVT) panels, an organic Rankine cycle (ORC), an absorption chiller, and a wa- 

ter heater unit. The interactions between system components are examined through an exergoeconomic model 

developed in EES software, supported by a detailed parametric analysis. A two-step multi-objective optimization 

framework is implemented, integrating response surface methodology (RSM) with an artificial neural network 

(ANN) to improve optimization accuracy. In this framework, five decision variables and two objective func- 

tions —exergy efficiency and system cost rate —are optimized. Economic analysis reveals that the ORC unit and 

PVT panels incur the highest cost rates, while exergy analysis indicates that the PVT panels, absorption chillers, 

and evaporators experience the most significant exergy destruction. The optimal system achieves an exergy effi- 

ciency of 10.87 % and a cost rate of 1.491 $/h. The second optimization stage using the ANN method based on 

100 RSM-optimized points, results in further refinement in both exergy efficiency and cost rate. A real-world case 

study evaluates the feasibility of implementing the proposed system on a modern passenger train along a route 

with high solar energy potential, analyzing its performance during a 17-hour journey across five stations and over 

four seasons under varying weather conditions. The findings contribute to the development of low-carbon rail 

transport solutions, highlighting the need for future research on energy storage, system scalability, and real-time 

performance optimization. 
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. Introduction 

With global consensus on carbon neutrality and decarbonization tar-
ets for sustainable development, the coming decade is pivotal for es-
ablishing a clear pathway to achieve net-zero emissions by 2050 and
imit global warming to 1.5 °C, as outlined in the Paris Agreement
 1 ]. In this context, the energy transition will be critical, alongside the
radual decommissioning of coal and fossil-fuel power plants and the
rowing adoption of renewable energy sources (RES). RES are widely
ecognized as the most effective and feasible solution for significantly
educing greenhouse gas emissions while meeting global energy de-
and sustainably [ 2 ]. As the global community faces the urgent chal-

enge of climate change, innovative strategies and initiatives for uti-
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izing RES across diverse sectors are essential [ 3 ]. Transportation, in
articular, emerges as a key area where RES can have a transformative
mpact. 

The transport sector is responsible for approximately 25 % of global
nergy consumption, including both fuel production and usage. Given
his, rapidly decarbonizing transport is widely viewed as essential for
ddressing climate change, a position strongly endorsed by the Inter-
ational Energy Agency (IEA) in its Net Zero by 2050 scenario [ 4 ].
ecarbonizing transport can be achieved by replacing fossil fuels with
ero-carbon fuels, which are liquid or gaseous fuels produced from RES.
nother approach is to use RES-based electricity directly, either alone
r alongside battery systems, or by incorporating biofuels. Compared
o traditional fossil fuels and biofuels, utilizing emission-free electric-
ty with batteries significantly lowers the well-to-wheel (WTW) energy
onsumption in transportation. According to Lindstad et al. [ 5 ], with
hese perspectives, the priorities up to 2050 should involve firstly re-
lacing coal-fired power generation with renewable energy to nearly
ecarbonize the electricity grid, as this provides the highest carbon re-
ay 2025 
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Nomenclature 

C Specific heat [kJ/kg.K] 
ex Specific exergy [kJ/kg] 

𝐸 

Exergy rate [kW] 
g Gravity acceleration [m/s2 ] 
GB Solar irradiance [W/m2 ] 
ℎ Specific enthalpy [kJ/kg] 
i Interest rate [-] 
L Length (m) 
𝑚 Mass flow rate [kg/s] 
n Time span [hr] 
P Pressure [kPa] 

𝑄 Thermal power [kW] 
s Specific entropy [kJ/kg.K] 
T Temperature [ °C] 
U Overall heat transfer coefficient [kW/m2 K] 
v Velocity [m/s] 
𝑊 Power [kW] 

Z Investment cost [$] 

𝑍 

Cost rate [$/h] 

Greek symbols 

𝜂 Efficiency [-] 
𝜑 Maintenance factor [-] 

Subscripts 

0 Reference 
ch Chemical 
cv Control volume 
D Destruction 
e Exit/Out 
i In 
ph Physical 
th Thermal 
w Useful work 

Abbreviation 

ANOVA Analysis of Variance 
ANN Artificial Neural Network 
CCD Central Composite Design 
Cond Condenser 
CRF Capital Recovery Factor 
DoE Design of Experiments 
Evap Evaporator 
EES Engineering Equation Solver 
GA Genetic Algorithm 

NPC Net Present Cost 
ORC Organic Rankine Cycle 
PP Pinch Point 
PVT Photovoltaic-Thermal 
RES Renewable Energy Source 
RSM Response Surface Method 

uction per unit of renewable energy. Secondly, the transport sector
hould be progressively electrified. 

In terms of electrification of road transportation, rapid technologi-
al advancements and policy incentives have driven the global electric
ehicle fleet to surpass 5.1 million units in 2018, an increase of 2 mil-
ion since 2017 [ 6 ]. Electric buses represent the fastest-growing segment
ithin this market, with approximately 380,000 electric buses operat-

ng in cities across China by the end of 2017 [ 7 ]. In Europe, 50 cities
nd regions have committed to the "European Clean Bus Deployment
nitiative," aiming for 30 % of buses to be fossil fuel-free by 2025 [ 8 ].
owever, the large-scale deployment of electric buses also presents a
2

ignificant challenge to the grid due to the substantial increase in elec-
ricity demand [ 9 ]. 

Regarding rail transportation, it represents a significant portion of
nd-user consumption in the utility grid. It is anticipated that the global
ail network will expand from 1.6 to 2.1 million kilometers, marking a
4 % increase from 2016 to 2050 [ 10 ]. This growth is expected to drive
ail electricity demand to nearly 700 TWh by 2050, necessitating the
ntroduction of additional power sources within the rail sector [ 11 ]. In-
reasing RES generation in both rail and road transportation is therefore
ssential for meeting this rising demand and reducing carbon emissions
n the transport sector. 

According to IEA [ 4 ], nearly 90 % of global electricity generation
y 2050 is projected to come from RES, with solar and wind accounting
or almost 70 %. However, the intermittent nature of RES-based sys-
ems, coupled with the need for diversified national grid policies, poses
ignificant challenges to achieving a revolutionary transformation to-
ards 100 % carbon-free energy systems [ 12 ], particularly in the trans-
ortation sector. Among various RES, solar energy is recognized as one
f the most promising and widely available resources globally. Its ac-
essibility across diverse geographic regions makes it an ideal solution
or a range of applications, including public transportation systems. De-
pite the widespread adoption of solar energy, a gap persists between
ts supply and energy demand, and achieving cost-effective utilization
ontinues to pose a major challenge [ 13 ]. In this context, RES-based
o-generation and multi-energy systems that integrate hybrid solutions
nd advanced energy storage technologies emerge as viable solutions to
ddress aforementioned limitations [ 14 –16 ]. By optimizing the exploita-
ion of various RES and ensuring reliable energy supply, these systems
an facilitate a more resilient and sustainable energy future. 

With this perspective, the literature review highlights numerous re-
ent studies focused on hybrid solar-driven systems, each addressing
ifferent objectives. For instance, Zayed et al. [ 17 ] developed a solar air
onditioning system that integrates photovoltaic (PV) panels with ther-
oelectric coolers, aiming to enhance thermal comfort while reducing

rid-based energy use. The photovoltaic modules generate power for
he solar thermoelectric air conditioning system (SPVTEAC) and charge
ead-acid batteries, enabling self-sufficient operation even during night-
ime hours. Lopez-Pascual et al. [ 18 ] conducted an experimental study
n a geothermal cooling system to improve the efficiency of solar PV
anels. The research emphasized that rising operating temperatures re-
uce PV panel efficiency, especially in regions with high solar irradiance
nd ambient temperatures. To address this, the authors proposed a com-
act low-enthalpy geothermal cooling system designed for commercial
V panels, aiming to mitigate the impact of heat on power output. In a
echno-economic analysis, Abdolmaleki et al. [ 19 ] evaluated the feasi-
ility of using a PV-driven hybrid system, combining metal hydride and
attery storage, for the off-grid electrification of an office building in
 Mediterranean climate. The study showed that the proposed hybrid
ystem could mitigate 13.2 t CO2 /yr, with a levelized cost of electricity
LCOE) between 0.354 and 0.403 $/kWh. 

In a comparative study, by introducing two solar-powered configura-
ions based on the chemical and electrochemical energy storage systems,
smaeilion et al. [ 20 ] explored to introduce an effective system for sus-
ainable freshwater production in hybrid multigrid systems throughout
he day. Their results showed a better performance of a chemical energy
torage system by 16.48 % over an electrochemical energy storage sys-
em. Wang et al. [ 21 ] optimized the integration of solar collectors and
V panels within liquid desiccant air conditioning systems. The study
emonstrated the viability of such systems by establishing their work-
ng principles and developing both physical and mathematical models
or the subsystems. Energy consumption of the proposed system was sys-
ematically compared with that of conventional cooling dehumidifica-
ion systems, assessing performance under different fresh air loads and
eat-to-humidity load ratios. A comprehensive review on integrating
hermal energy systems with solar PV panels implies that cogeneration
f electricity and heat through solar systems is an efficient way to meet
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Fig. 1. Schematic diagram of the proposed integrated energy sys- 

tem for passenger trains. 
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arious energy demands across sectors [ 22 ]. It emphasizes the synergis-
ic benefits of combining thermal energy systems with PV technology
or advancing sustainable energy solutions. 

In the context of solar energy within the transport sector, PV genera-
ion offers a significant advantage due to its flexible installation options,
aking it highly suitable for integration across various transportation

nfrastructures. Road and rail systems, which cover extensive land sur-
aces, present an ideal opportunity for direct solar energy harvesting,
ffering the added benefit of reducing air pollution and yielding socio-
conomic advantages. PV systems can be easily implemented on trans-
ort infrastructure and ancillary facilities, such as station rooftops or
oad barriers, maximizing the use of existing spaces without increasing
and consumption [ 11 ]. 

A notable innovation lies in the use of photovoltaic-thermal (PVT)
anels on rail vehicles in regions with abundant solar resources, which
fficiently convert solar energy into both electrical and thermal power
o meet onboard energy needs, such as air conditioning, heating, and
lectrical systems. Its integration into a multi-energy production system
ay significantly reduce operational costs and dependence on volatile

onventional energy sources, while contributing to a lower carbon foot-
rint and environmental impacts. However, despite some exploration
f solar PV in urban transportation systems [ 23 , 24 ], there remains a
ubstantial research gap regarding multi-energy solar-driven systems in
ail transportation, particularly in regions with high solar potential. This
ap underscores the need for further investigation into the integration
f solar energy in rail networks to fully capitalize on its environmental
nd economic benefits. 

To bridge these gaps, the present study investigates the potential
f an integrated multi-energy production system for passenger trains,
tilizing PVT panels, an organic Rankine cycle (ORC), an absorption
hiller, and a water heater. By developing a simulation model in EES
oftware, the subtle interactions between system components are ana-
yzed. A bi-level multi-objective optimization framework, combining re-
ponse surface methodology (RSM) and artificial neural network (ANN)
3

echniques, optimizes five decision variables and two conflicting ob-
ectives —exergy efficiency and system cost. An economic assessment
f the system is conducted to evaluate the financial viability and cost-
ffectiveness of the proposed energy solution. A real-world case study is
onducted to assess the feasibility of implementing the proposed system
n a modern passenger train, evaluating its performance across different
eather conditions at five stations over the course of a 17-hour journey

hrough all four seasons. The findings of this study are expected to con-
ribute to the advancement of renewable energy applications in the rail
ransportation sector, paving the way for more sustainable practices in
ublic transit systems. 

. System description 

The proposed system in this study explores the potential of harness-
ng solar energy to create an integrated multi-energy production system
or passenger trains. It is specifically engineered to capture solar energy
hrough the integration of PVT panels and is designed to generate both
lectricity and thermal energy to meet the energy demands of passenger
rains. Fig. 1 illustrates the schematic design of the proposed system. 

The system consists of several key components: a PVT panel sub-
ystem, an ORC, a water heater, and an absorption chiller unit. The
rimary outputs of this integrated system are electricity, cooling, and
eated water —all of which are essential for the efficient operation of
assenger trains. 

In this configuration, the thermal energy required by the ORC is sup-
lied by the PVT panels, which transfer heat to the ORC working fluid
ia an evaporator. A key advantage of integrating PVT panels lies in
heir dual functionality, as they simultaneously generate both electricity
nd thermal energy. Upon heat transfer to the evaporator, the working
uid undergoes phase change into vapor, driving the turbine to produce
echanical power, which is subsequently converted into electricity. The

lectrical output from the turbine is then integrated with the power gen-
rated by the PVT panels to supply a stable and reliable energy source
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Fig. 2. Temperature-Entropy (T-S) diagram of the Rankine cycle within the co- 

generation system. 
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or the passenger train. Fig. 2 presents a temperature-entropy (T-S) dia-
ram to visualize the thermodynamic behavior of a Rankine cycle within
his cogeneration system. The plot systematically tracks state-specific
hanges in temperature ( T ) and entropy ( s ) across critical cycle compo-
ents, including the turbine, condenser, pump, and evaporator. 

Furthermore, the waste heat from the ORC evaporator is utilized
or water heating, enhancing overall system efficiency. An absorption
hiller, comprising a condenser, evaporator, absorber, generator, and
eat exchanger, utilizes the thermal energy extracted from the hot wa-
er produced by the PVT panels to deliver cooling, thereby further opti-
izing energy utilization within the system. 
4

This approach is expected to enhance the system’s energy efficiency
hile reducing reliance on conventional fossil fuels, contributing to a

ower environmental impact. The proposed solar energy system repre-
ents a step forward in integrating renewable technologies into trans-
ortation. By harnessing solar energy, it offers a sustainable and envi-
onmentally conscious solution for powering passenger trains, with the
otential for broader applicability across the transportation sector. 

. Methodology 

To examine the techno-economic feasibility and performance of
he proposed cogeneration system, a structured methodology is im-
lemented. The adopted procedural framework, summarized in Fig. 3 ,
resents a comprehensive and systematic approach to system modeling,
ptimization, and performance analysis. By leveraging the capacity of
ES software and multi-objective optimization techniques, this research
ims to develop an efficient and cost-effective solution to meet the en-
rgy demands of passenger trains, while evaluating system performance
n an actual train route, ensuring adaptability and resilience in real-
orld operations. 

The first step involves modeling the system using EES software,
hich can solve complex, coupled nonlinear algebraic and differential
quations. EES offers precise thermodynamic and transport property
unctions for various fluids, ensuring accurate simulation of the system’s
omponents. To enhance system performance, a bi-level multi-objective
ptimization framework is developed, combining RSM and ANN. This
ptimization focuses on two critical objectives: maximizing exergy effi-
iency to boost the system’s technical performance and minimizing the
ystem’s cost rate to improve its economic feasibility. 

A real-world case study evaluates the feasibility of implementing the
roposed system on a passenger train in Iran, assessing its performance
nder variable climatic conditions at five stations across four seasons.
he spatial analysis, integrated into the methodology, evaluates system
erformance as the train travels through key cities such as Ahvaz, Khor-
amabad, Arak, Qom, and Tehran. By incorporating these geographi-
al variables, the study examines how the system adapts to changing
eather and environmental conditions. The weather data, sourced from
Fig. 3. Schematic representation of the procedural steps followed 

in this study. 
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Table 1 

The input data used for the prelimi- 

nary analysis of the proposed system. 

Data Value 

𝑝𝑝Evap 5 (°C) 

𝑝𝑝Cond 5 (°C) 

𝑇6 95 (°C) 

𝑇8 40 (°C) 
𝑚 𝑎𝑖𝑟 2 (kg/s) 

𝜂𝑡𝑢𝑟𝑏𝑖𝑛 0.8 (%) 

𝜂𝑝𝑢𝑚𝑝 0.8 (%) 
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Table 2 

Correlations representing the energy balance of different 

subsystems within the multi-energy system. 

Components Equation 

Turbine 𝑊̇𝑇𝑢𝑟𝑏𝑖𝑛𝑒 = 𝑚̇6 × (ℎ6 − ℎ7 ) 
Pump 𝑊̇𝑃𝑢𝑚𝑝 = 𝑚̇8 × (ℎ9 − ℎ8 ) 
Evaporator 𝑄𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 = 𝑚̇9 × (ℎ6 − ℎ9 ) 
Water Heater 𝑄𝑊 𝑎𝑡𝑒𝑟𝐻𝑒𝑎𝑡𝑒𝑟 = 𝑚̇12 × (ℎ13 − ℎ12 ) 

Table 3 

Equations related to the cost of each system’s component. 

Components Equation 

Panel PVT 𝑍𝑃𝑉 𝑇 = 310 × 𝐿 × 𝑏 
Turbine 𝑍𝑇𝑢𝑟𝑏𝑖𝑛𝑒 = 4750 × ((𝑊̇ 0 . 75 

𝑡𝑢𝑟𝑏𝑖𝑛𝑒 
) + 60 × (𝑊̇ 0 . 95 

𝑡𝑢𝑟𝑏𝑖𝑛𝑒 
) ) 

Pump 𝑍𝑃𝑢𝑚𝑝 = 3500 × (𝑊̇ 0 . 41 
𝑃𝑢𝑚𝑝 

) 
Condenser 𝑍𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 150 × (𝐴𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 0 . 8 ) 
Evaporator 𝑍𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 = 276 × (𝐴𝐸𝑣𝑎𝑝 1 0 . 88 ) 
Water Heater 𝑍𝑊 𝑎𝑡𝑒𝑟𝐻𝑒𝑎𝑡𝑒𝑟 = 0 . 3 × 𝑚̇13 
Absorption chiller 𝑍𝐶ℎ𝑖𝑙𝑙𝑒𝑟 = 𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 
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A  

d  
eteonorm software, provides a robust foundation for evaluating sys-
em behavior across various climates. The following sections provide
urther details on the methods adopted for techno-economic analysis
nd optimization algorithms. 

.1. Exergoeconomic analysis 

The following assumptions are made to simplify the problem
[ 25 , 26 ]: 

• The process is in a steady-state condition. 
• The turbine and the pump are isentropic. 
• The pressure drop in pipelines is insignificant. 
• Condenser output is saturated liquid. 
• Evaporator output is saturated steam. 
• Changes in kinetic and potential energy are insignificant. 

The analysis begins with the conservation of mass, defined in Eq. (1) ,
here mass flow rates remain constant across system components: 

𝑘 

𝑚̇𝑖 −
∑
𝑘 

𝑚̇𝑒 =
𝑑𝑚𝑐𝑣 

𝑑𝑡 
(1) 

The first law of thermodynamics ensures energy conservation, given
y: 

̇
 − 𝑊̇ +

∑
𝑖 

𝑚̇𝑖 

( 

ℎ𝑖 +
𝑣2 
𝑖 

2 
+ 𝑔𝑍𝑖 

) 

−
∑
𝑒 

𝑚̇𝑒 

( 

ℎ𝑒 +
𝑣2 
𝑒 

2 
+ 𝑔𝑍𝑒 

) 

=
𝑑𝐸𝑐𝑣 

𝑑𝑡 
(2) 

Using the second law of thermodynamics, the exergy balance is as
ollows: 

̇
 𝑥𝑄 +

∑
𝑖 

𝑚̇𝑖 
(
𝑒𝑥𝑖 

)
=
∑
𝑒 

𝑚̇𝑒 
(
𝑒𝑥𝑒 

)
+ 𝐸̇ 𝑥𝑤 + 𝐸̇ 𝑥𝐷 (3) 

Other components are calculated using the following relationships: 

̇
 𝑥𝑄 =

( 

1 −
𝑇0 
𝑇𝑖 

) 

𝑄̇𝑖 (4) 

̇
 𝑥𝑤 = 𝑊̇ (5) 

𝑥 = 𝑒𝑥𝑝ℎ + 𝑒𝑥𝑐ℎ (6)

The amount of physical exergy is obtained from Eq. (7) : 

̇
 𝑥𝑝ℎ =

∑
𝑖 

𝑚̇𝑖 
((
ℎ𝑖 − ℎ0 

)
− 𝑇0 

(
𝑠𝑖 − 𝑠0 

))
(7) 

Table 1 reports the input data used for the preliminary analysis of
he proposed system. 

Using Eq. (8) , the amount of useful energy produced in the PVT panel
s obtained: 

̇
𝑃 𝑉 𝑇 = 

[ 
𝑚̇𝑎𝑖𝑟 𝐶𝑎𝑖𝑟 

𝑈𝑙 
.
(
ℎ𝑝 2 𝑔 𝐺𝐵 𝑓𝑍 

)
− 𝑈𝑙 

(
𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑂 

)] 
.

( 

1 − 𝑒𝑥𝑝

( 

− 𝑏𝑈𝑙 𝐿 

𝑚̇𝑎𝑖𝑟 𝐶𝑎𝑖𝑟 

) ) 

(8) 
5

here 𝑄 𝑃𝑉 is the useful thermal energy output, 𝑚 𝑎𝑖𝑟 is the air mass flow
ate, 𝐶𝑎𝑖𝑟 is the specific heat of air, 𝑈𝑙 is the overall heat transfer coeffi-
ient, ℎ𝑝 2 𝑔 is the secondary heat transfer coefficient, GB is the beam solar
adiation, b is a collector width parameter, and L is the panel length. 

The output power of the PVT panel is obtained from Eq. (9) : 

̇
𝑃 𝑉 𝑇 = 𝜂𝑃𝑉 .𝑇𝑐𝑒𝑙𝑙 .𝜏.𝐺𝑏 .𝐴 (9) 

here 𝑊𝑃𝑉 𝑇 is the electrical power generated by the PV system, 𝜂𝑃𝑉 
s the PV module’s conversion efficiency, 𝜏 is the transmissivity of the
lass cover, and A ( 𝑏 × 𝐿 ) is the surface area of the collector. 

The thermal efficiency of the solar panel is also calculated by: 

𝑡ℎ = 𝑄̇𝑃𝑉 𝑇 ∕𝐺𝐵 .𝑏.𝐿 (10) 

Regarding the energy balance of subsystems in the multi-energy sys-
em, Table 2 presents the corresponding correlations used in this re-
earch. 

The value of the total power of the system is obtained by: 

̇
𝑛𝑒𝑡 = 𝑊̇𝑇 𝑢𝑟𝑏𝑖𝑛 + 𝑊̇𝑃𝑉 𝑇 − 𝑊̇𝑃𝑢𝑚𝑝 (11) 

Furthermore, the exergy efficiency of the system is calculated using
q. (12) 

𝑒𝑥 =
(𝑊̇𝑛𝑒𝑡 +𝑄𝑡ℎ ) × 100 

𝐸𝑥𝑠𝑢𝑛 
(12) 

The cost rate of each component is given by [ 27 ]: 

̇
 = 𝑍 × 𝐶𝑅𝐹 × 𝜑 

𝑡 
(13) 

The capital recovery factor (CRF) is obtained through the following
quation [ 27 ]: 

𝑅𝐹 = 𝑖( 1 + 𝑖 ) 𝑛 

( 1 + 𝑖 ) 𝑛 − 1 
(14) 

Table 3 presents the equations related to the cost of each component.
The total cost of the system is obtained from the total cost of the

ystem components and is calculated as follows: 

𝑡𝑜𝑡𝑎𝑙 = 𝑍𝑃𝑉 𝑇 +𝑍𝑇𝑢𝑟𝑏𝑖𝑛𝑒 +𝑍𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 +𝑍𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 +𝑍𝑃𝑢𝑚𝑝 
+𝑍𝐶ℎ𝑖𝑙 𝑙 𝑒𝑟 +𝑍𝑊 𝑎𝑡𝑒𝑟𝐻𝑒𝑎𝑡𝑒𝑟 (15) 

.2. Hybrid two-step optimization (RSM-ANN) 

In this research, a hybrid optimization approach combining RSM and
NN is employed to analyze the output data from the multi-energy pro-
uction system. The optimization process is carried out in two stages:
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Fig. 4. Description of the two-step optimization process devel- 

oped in this study. 
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Fig. 5. A flowchart representing the employed RSM approach. 
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irst, the data is optimized using the RSM method. In the second stage,
he optimized results from RSM are used to train an ANN model. Finally,
he coefficients of the ANN-generated mathematical function are further
ptimized using a multi-objective optimization method. 

Multi-objective optimization involves the simultaneous optimization
f multiple, often conflicting objectives. In this case, the optimized co-
fficients are used to minimize or maximize specific objective functions.
he outcome of this multi-objective optimization is the identification of
ptimal trade-offs between competing objectives, providing valuable in-
ights into the system’s overall performance. The optimization process
argets two key objectives: enhancing exergy efficiency to improve the
ystem’s technical performance and reducing the cost rate to increase its
conomic viability. Fig. 4 illustrates the integration of RSM, ANN, and
ulti-objective optimization techniques in the optimization process. 

The hybrid approach leverages the strengths of each method, deliv-
ring a comprehensive framework for optimizing the multi-energy pro-
uction system. By combining the data-driven capabilities of RSM and
NN with the capacity to address multiple objectives, this methodology
rovides a robust and reliable solution to guide the design and operation
f the system effectively. In the following, details of the methodology
dopted in each step are discussed. 

.2.1. Response surface methodology ( RSM ) 

In this study, RSM has been utilized for the initial optimization of the
echno-economic performance of the multi-energy system. This tech-
ique is a comprehensive set of statistical and mathematical methods
esigned to model and analyze problems where a response of interest is
nfluenced by multiple variables [ 28 ]. By establishing a functional rela-
ionship between one or more response variables (outputs) and multiple
ndependent variables (inputs), the effect of each parameter and its in-
eractions can be quantitatively assessed. At the same time, the optimal
ombination of parameter levels can be identified based on specific re-
ponse criteria, a process known as RSM-based optimization [ 29 ]. 

The core aim of RSM is to optimize this response by establishing
he precise relationship between controllable input parameters and the
esulting output. The optimization process using RSM involves crucial
teps such as the design of experiments (DOEs), systematic data collec-
ion, and analysis of variance (ANOVA) to ensure accuracy and relia-
ility. By applying RSM, a refined set of optimized data points can be
enerated, which serves as the foundation for the subsequent neural net-
ork analysis [ 30 ]. This method is commonly employed in engineering
nd energy research studies [ 31 –33 ] because it effectively models and
nalyzes nonlinear relationships between multiple variables and out-
omes —something that traditional optimization methods often struggle
o address. The flowchart in Fig. 5 illustrates the different steps applied
n the RSM approach. 
6

.2.2. Artificial neural network ( ANN ) 

An artificial neural network (ANN) represents an advanced machine
earning model inspired by the neural architecture of biological or-
anisms, particularly the human brain. Comprising interconnected ar-
ificial neurons, an ANN processes input signals through multiple lay-
rs —typically including input, hidden, and output layers —where each
euron applies a non-linear activation function to its input data. The
trength of connections between neurons, represented by adjustable
eights, evolves during training to optimize performance. An ANN ex-

els at identifying patterns within complex, often nonlinear datasets,
aking it indispensable in applications such as predictive modeling,
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Fig. 6. The flowchart and structure of the applied artificial neural 

network method. 
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mage processing, speech recognition, and natural language process-
ng. Its ability to learn from experience, along with advancements in
omputational power, continues to expand its role in addressing in-
reasingly intricate problems within artificial intelligence (AI) systems
 34 –36 ]. 

In this study, the ANN models the behavior of the system using data
ptimized through the RSM approach. The ANN trains to identify un-
erlying patterns and dependencies in the data, enabling the derivation
f a mathematical function that accurately represents system behavior.
ig. 6 illustrates the flowchart and structure of the ANN method applied
n this research. By leveraging the ANN’s learning capabilities, the opti-
al coefficients for the mathematical function are extracted, improving

he precision of the model’s predictions and demonstrating the network’s
ersatility in handling complex data relationships. 

. Results and discussion 

.1. Model validation 

To ensure the accuracy of the developed cogeneration system model
n EES, a validation process has been conducted prior to analyzing the
roposed system. The results of this research have been compared with
he findings from the study by Amiri Rad et al. [ 37 ]. In their work,
aste heat from industrial complexes, with temperatures ranging from
20 to 300 °C, was used to generate power through an ORC using var-
ous working fluids. They performed simultaneous optimization of the
orking fluid and boiler pressure for different heat source temperatures

n the ORC. 
For validation, similar inputs to the Amiri Rad et al. [ 37 ] study have

een assumed, including the working fluid (R152a), heat source tem-
erature, mass flow rate, and turbine inlet pressure. In the model vali-
7

ation, the thermophysical properties of R152a were obtained from the
ES database, ensuring accurate fluid property estimations. Key outputs,
uch as turbine power, system output power, and thermal efficiency,
ave been then examined. A comparison of the results revealed an ac-
eptable deviation, with a maximum error of 3.04 %, confirming the ac-
uracy of the ORC model established in this research. The corresponding
odel validation data are reported in Table 4 . 

.2. Parametric study 

The inlet temperature of ORC turbines is a key factor affecting both
ystem performance and economic. The ORC turbine inlet temperature
ange (80–120 °C) corresponds to the heat supply characteristics of the
ntegrated PVT system. The working fluids, R152a for ORC and H2 O-
iBr for the absorption chiller, were selected based on thermodynamic
uitability and environmental impact. As the inlet temperature rises,
he working fluid’s enthalpy increases, leading to greater turbine power
utput and enhanced overall system capacity. Fig. 7 illustrates this re-
ationship, showing a clear increase in production power as the inlet
emperature climbs from 80 °C to 120 °C. This rise in power generation
lso improves exergy efficiency and cost rate, both of which are tied to
roduction power. Additionally, higher turbine inlet temperatures en-
ance the system’s heating output, reflecting improved thermal perfor-
ance. However, the cooling output remains stable despite temperature

hanges, as the absorption chiller operates independently of the turbine
emperature. The observed trends in output power and exergy efficiency
esult from the trade-off between enthalpy drop and system irreversibil-
ty, while the limited variation in exergy efficiency reflects the system’s
nherent thermal stability at low-grade temperatures. The findings un-
erscore the importance of optimizing ORC turbine inlet temperatures
o maximize energy production and system efficiency. 
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Table 4 

Model validation data. 

Parameter Unit Present model Amiri rad et al. [ 37 ] Error ( %) 

Working fluid - R152a R152a - 

Temperature heat source °C 150 150 - 

Mass flow heat source kg/s 15 15 - 

Inlet pressure turbine bar 27.3 27.3 - 

Turbine power kW 118.1 121.8 3.04 

Output power of the system kW 107.2 105.8 1.32 

Thermal efficiency % 7.90 7.74 1.98 

Fig. 7. Effects of variations in the turbine inlet temperature on the system performance. 

Fig. 8. Effects of variations in the evaporator pinch point temperature on the system performance. 
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As shown in Fig. 8 , the evaporator pinch point temperature varies
rom 3 °C to 15 °C, while the ORC turbine inlet temperature, turbine ef-
ciency, and pump efficiency are maintained at 110 °C, 88 %, and 86 %,
espectively. Increasing the pinch point temperature from 3 °C to 15 °C
esults in a steady decline in net power output, dropping from about
2 kWh to 69.5 kWh —a 3.5 % decrease. This reduction is attributed
o the diminished thermal gradient between the working fluid and the
eat source, which lowers heat transfer efficiency within the ORC. Con-
equently, the system’s exergy efficiency also declines, from 10.68 % at
 °C to 10.53 % at 15 °C, indicating a reduction in overall thermody-
amic performance. The cost rate exhibits a downward trend as well,
ecreasing from 2.15 $/h to 1.70 $/h, namely a 20.9 % reduction. Al-
hough a lower cost rate reflects reduced energy input requirements, it
ccurs at the expense of power generation efficiency, which is crucial
8

or maintaining consistent system performance. Conversely, the heating
utput shows a 59.5 % increase, rising from 42 kWh at 3 °C to 67 kWh
t 15 °C. 

The results presented in Fig. 9 indicate a significant correlation be-
ween turbine efficiency and the overall power output of the system.
ncreasing turbine efficiency from 70 % to 95 % leads to a steady rise in
et power output from 68.4 kWh to 73.6 kWh (7.6 % increase) due to
educed internal energy losses, allowing more energy to be effectively
onverted into mechanical power. Similarly, exergy efficiency increases
ighlighting the thermodynamic benefits of improved turbine perfor-
ance. However, the cost rate shows about an 8.0 % increase, indicat-

ng that while higher turbine efficiency enhances power generation, it
lso raises system investment and operational costs. Moreover, despite
hese variations in power and efficiency, changes in heating and cool-
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Fig. 9. Effects of variations in turbine efficiency on the system performance. 

Fig. 10. Effects of variations in the solar radiation intensity on the system performance. 
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ng remain marginal, demonstrating their independence from turbine
fficiency fluctuations. 

The results depicted in Fig. 10 illustrate the direct influence of so-
ar radiation intensity on the performance of the multi-energy produc-
ion system. Increasing solar radiation intensity from 600 to 1200 W/m2 

eads to a 73.1 % increase in net power output, from 52 kWh to 90 kWh.
his enhancement results from higher thermal energy absorption by the
VT panels, which increases the working fluid’s temperature and flow
ate, thereby improving mechanical power generation. Exergy efficiency
ollows a similar trend, rising from 9.0 % to 13.8 %. However, the cost
ate increases from 1.90 $/h to 2.25 $/h (18.4 % increase), indicating
hat while higher solar radiation enhances system performance, it also
aises investment and operational costs due to increased energy process-
ng demands. 

Notably, unlike the heating capacity, the cooling production in-
reases steadily with solar radiation as the absorption chiller benefits
rom greater thermal availability, supporting enhanced cooling output.
s solar radiation increases, a larger share of the available energy is allo-
ated to electricity generation and cooling, thereby reducing the resid-
al heat available for direct heating. This results in a gradual decline
n heating output, as a greater portion of thermal energy is converted
nto mechanical power and cooling capacity instead of being retained
or heating purposes. 

Fig. 11 shows the impact of increasing the pump inlet temperature
rom 20 °C to 40 °C on the multi-energy production system. As the inlet
9

emperature rises, the system’s production power decreases. This reduc-
ion occurs due to lower working fluid density and viscosity at higher
emperatures, which affects pump flow rates and pressure stability, ul-
imately reducing thermodynamic efficiency. As a result, exergy effi-
iency decreases from 11.0 % to 10.55 %, reinforcing the adverse effect
f elevated inlet temperatures on energy conversion efficiency. The cost
ate also declines from 2.3 $/h to 1.95 $/h (15.2 % reduction), reflecting
he lower operational energy demands at reduced power output levels.
owever, the heating output shows a 57.7 % rise as the higher inlet tem-
erature enhances thermal energy transfer to the evaporator, boosting
he heating system’s performance. 

.3. Hybrid optimization results 

The multi-objective optimization process begins by identifying 100
ptimal solutions using the RSM approach, which pinpoints the most fa-
orable values for both objective functions and optimization variables.
n this study, five influential design parameters are chosen as the opti-
ization variables. The design variables include the turbine and pump

nlet temperatures, pump and turbine efficiencies, and pinpoint evapo-
ator temperature. These parameters were selected due to their signif-
cant influence on system performance, exergy destruction, and opera-
ional costs. Specifically, turbine efficiency and pump efficiency play a
rucial role in governing energy conversion, fluid circulation, and elec-
ricity generation, directly impacting the system’s thermodynamic and
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Fig. 11. Effects of variations in the pump inlet temperature on the system performance. 

Table 5 

The optimization design variables in RSM-CCD and their 

lower and upper limits. 

Design Variable Lower Limit Upper Limit 

T6 (°C) 80 120 

T8 (°C) 20 40 

Pump efficiency (-) 0.7 0.95 

Turbine efficiency (-) 0.7 0.95 

Pinch point evaporator (°C) 3 15 

Table 6 

The optimal value of the design variables and objective func- 

tions obtained by RSM-CCD. 

Parameter Optimum point 

Turbine efficiency (-) 0.881 

Pump efficiency (-) 0.867 

Pinch point evaporator (°C) 10.239 

T6 (°C) 108.944 

T8 (°C) 25.528 

Exergy efficiency (%) 10.873 

Cost rate (%) 1.491 

Desirability 0.804 
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Table 7 

The optimal range of objective functions. 

Name Goal Lower Limit Upper Limit 

Exergy efficiency ( %) Maximize 10.50 10.96 

Cost rate ( %) Minimize 1.284 2.302 
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conomic outcomes. The objective functions are the exergy efficiency
nd the system cost rate. The optimization aims to maximize exergy
fficiency and minimize system cost, ensuring an optimal balance be-
ween performance improvement and economic feasibility. By varying
hese parameters within their predefined ranges, as shown in Table 5 ,
he optimization process effectively explores the design space, identify-
ng configurations that enhance energy efficiency while reducing costs.

The results of this process are presented in Table 6 , which showcases
he outcomes of 100 optimal points identified using the RSM approach
n the Design Expert software framework. By prioritizing solutions with
igher desirability scores, the optimization process successfully identi-
es the optimal values for the design variables, effectively balancing the
ompeting objectives of maximizing exergy efficiency and minimizing
ystem cost. Furthermore, the optimal range of objective functions, with
he highest desirability score of 0.804, is detailed in Table 7 , marking
t as the most favorable range within the 100 optimal points evaluated.
he narrow exergy efficiency range (10.50 %–10.96 %) results from the

imited impact of decision variables on system irreversibility within the
onstrained low-grade temperature range, where improvements remain
arginal due to thermodynamic constraints. 
10
Fig. 12 illustrates a contour plot that captures the variations in ex-
rgy efficiency triggered by changes in several critical design param-
ters. The predicted optimal exergy efficiency is 10.873 %, achieved
hrough a well-balanced combination of design parameters. Higher tur-
ine efficiency improves exergy efficiency from 10.6 % to 11.1 %,
emonstrating the thermodynamic advantage of reducing irreversibil-
ty in energy conversion. Similarly, increasing T6 from 80 °C to 120 °C
nhances exergy efficiency due to higher available energy for conver-
ion, peaking at 10.9 %–11.0 % before stabilizing. However, raising the
vaporator pinch point temperature negatively affects exergy efficiency,
ith values declining as it increases from 3 °C to 15 °C, emphasizing the

rade-off between improved heating performance and reduced energy
onversion efficiency. On the other hand, higher pump inlet tempera-
ures ( T8 ) result in lower exergy efficiency, decreasing from 10.9 % at
5 °C to 10.6 % at 40 °C, likely due to density reduction and energy
osses in fluid handling. 

In Fig. 13 , the contour plot focuses on the cost rate of the system,
ith the primary goal being to minimize this objective function. Similar

o the results for exergy efficiency, the four key parameters emerge as
he most influential in determining the cost rate. The analysis targets an
ptimal cost rate of 1.491 $/h, reflecting a balanced approach between
erformance and cost. Higher turbine efficiency (with an increase in
inch point) reduces the cost rate, decreasing from 1.8 $/h at 70 % ef-
ciency to 1.2 $/h at 95 % efficiency (33 % reduction), as more energy

s converted into useful work, lowering operational expenses. Similarly,
or a given turbine efficiency, increasing T6 from 80 °C to 120 °C de-
reases the cost rate from 2.2 $/h to 1.2 $/h (45 % reduction) due to
nhanced system efficiency and reduced wasted energy. Unlike exergy
fficiency, which exhibits complex nonlinear responses to design vari-
bles, the cost rate follows a more predictable quasi-linear trend, partic-
larly to turbine efficiency and T6 . These results confirm that strategic
arameter selection is crucial for minimizing costs while maintaining en-
rgy efficiency, ensuring an economically viable and high-performance
ulti-energy system. 

The second stage of the hybrid optimization process focuses on re-
ning the precision of initial results through re-optimization using the
NN method. Building on the optimal solutions obtained from the RSM,
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Fig. 12. Alterations in the exergy efficiency triggered by changes 

in the design variables. 

Fig. 13. Variations in the cost rate resulting from changes in the 

design variables. 

11
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Table 8 

Optimum value of decision-making variables and objective func- 

tions. 

Parameter Mean Minimum Maximum 

Pump efficiency (-) 0.838 0.769 0.881 

Turbine efficiency (-) 0.879 0.863 0.881 

Pinch point evaporator (°C) 9.606 6.317 11.683 

T6 (°C) 108.909 107.909 108.944 

T8 (°C) 25.609 25.528 26.998 

Exergy efficiency (%) 10.882 10.813 10.953 

Cost rate ($/h) 1.520 1.416 1.668 

Fig. 14. Pareto front plot for objective functions in multi-objective optimiza- 

tion. 
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he ANN method is employed to further enhance accuracy. The data ex-
racted from system modeling serves as input for the neural network,
hich is then optimized using meta-heuristic algorithms to achieve the
est trade-offs between design variables and objective functions, namely
he exergy efficiency and system cost rate. This hybrid approach lever-
ges the strengths of both methods, with RSM facilitating initial explo-
ation and ANNs providing a more refined model. 

The final optimal values of the decision variables and objective func-
ions are presented in Table 8 , which marks the culmination of the hy-
rid optimization process. The table provides a detailed summary of the
inimum, maximum, and mean optimal values for both the design vari-

bles and the objective functions, offering a comprehensive overview of
he optimization results. It shows that the exergy efficiency is optimized
o a mean value of 10.882 %, exceeding the lower bound of 10.813 %,
hile the cost rate varies between 1.416 $/h and 1.668/ $/h, with a
ean value of 1.520 $/h. 

Fig. 14 demonstrates the trade-off relationship between exergy ef-
ciency and system cost rate, forming a Pareto front that delineates
he optimal balance between performance and economic feasibility. The
trong linear correlation ( R2 = 0.985) indicates that increasing exergy
fficiency directly leads to higher costs, as reflected in the cost rate equa-
ion based on exergy efficiency ( %). The cost rate rises from 1.42 $/h at
0.82 % exergy efficiency to 1.66 $/h at 10.96 %, representing a 16.9 %
ost increase for a 1.3 % efficiency gain, underscoring the diminishing
12
eturns of efficiency improvements. This front portrays the set of so-
utions in which improvements in one objective, such as maximizing
xergy efficiency, necessitate trade-offs in the other, such as minimiz-
ng system cost. Identifying Pareto optimal solutions establishes a solid
oundation for effectively balancing system performance and economic
onsiderations. 

Fig. 15 presents histograms showing the frequency distribution of
he optimized objective functions, namely the exergy efficiency and cost
ate, alongside the expected normal distribution curve. The horizontal
xis represents the values of the objective functions, while the vertical
xis displays the frequency. For exergy efficiency, the data reveals a
igher frequency of values within the 10.84 % to 10.92 % range, indi-
ating this as the most frequent outcome of the optimization process.
imilarly, the cost rate shows a high frequency in the range of 1.40 $/h
o 1.60 $/h. 

To further assess the accuracy of the optimization predictions, Fig. 16
rovides a comparison of the raw residuals for the exergy efficiency and
ost rate against the optimized ranges reported in Table 8 . The residuals,
hich represent the difference between predicted and actual values, are
rimarily clustered around zero. This indicates a high level of precision
n the optimization model’s predictions, as the minimal deviations con-
rm the reliability of the predicted outcomes. Additionally, the absence
f significant outliers confirms that the model effectively captures the
elationship between design parameters and objective functions. 

.4. Exergy and economic analysis 

Fig. 17 presents the exergy analysis of the proposed multi-energy
roduction system under optimal conditions. The system begins with a
otal solar input exergy rate of 1948 kWh, directed to the solar panel.
rom this input, 54 kWh of useful energy is generated, while 1633 kWh
s lost due to inefficiency. Following the solar panel, the evaporator re-
eives 110 kWh of exergy, with 10 kWh lost during transfer. The turbine
xtracts 38 kWh from the evaporator, converting 22 kWh into electricity,
hile 2 kWh is lost to the condenser. The water heater receives 72 kWh
f exergy, with a minimal loss of 4 kWh, producing 68 kWh of heating
nergy. The absorption chiller, receiving 151 kWh, loses 43 kWh but
enerates 108 kWh of cooling energy. Notably, the pump exhibits the
owest exergy loss, indicating its higher efficiency compared to other
ystem components. The analysis identifies the solar panel, absorption
hiller, and evaporator as the components with the most significant ex-
rgy destruction. 

In total, the system produces 76 kWh of electricity, while the over-
ll exergy loss amounts to 1696 kWh. This exergy analysis highlights
he key areas of inefficiency and provides valuable insights for improv-
ng system performance. By addressing the components with the highest
xergy losses, the analysis paves the way for optimizing energy conver-
ion processes and enhancing the overall efficiency of the multi-energy
roduction system, ultimately reducing its environmental impact. 

Fig. 18 illustrates the cost rate distribution across the components
f the multi-energy production system, which includes the PVT panels,
RC unit, absorption chiller, and water heater. The ORC unit incurs the
ighest cost rate at 1.5075 $/h, driven by the expense of its four key
omponents: the pump, condenser, evaporator, and turbine. Moreover,
he figure shows the breakdown of the ORC unit cost rate, in which
he turbine has the highest cost rate with 0.8187 $/h. This reflects the
RC’s complexity and highlights the need for optimization to enhance
ost efficiency. 

The PVT panel follows with a cost rate of 0.0107 $/h, significantly
ower than that of the ORC unit, reflecting its simpler operation within
he energy production process. In contrast, the absorption chiller and
ater heater exhibit the lowest cost rates among the system’s compo-
ents. This cost distribution emphasizes the varying economic contribu-
ions of each component and points to potential areas for targeted cost
ptimization to improve the system’s overall cost-effectiveness. 
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Fig. 15. Histograms of the frequency distribution of two objective functions under investigation. 

Fig. 16. Raw residual for the exergy efficiency and cost rate. 
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. Case study 

In this study, the impact of climate variations along the route
f a passenger train traveling from southern Iran to the capital,
ehran, is thoroughly investigated. The analysis focuses on five key sta-
ions —Ahvaz, Khorramabad, Arak, Qom, and Tehran —considering the
eather conditions at each station during the train’s 17-hour journey.
he study evaluates the performance of the train’s energy production
ystem, specifically in terms of electricity generation, heating, and cool-
ng, to determine how varying climatic conditions across different re-
ions influence system efficiency and output. The heating and cooling
oads are calculated using energy balance equations, incorporating ex-
ernal temperature fluctuations, train insulation properties, and internal
eat sources such as passengers, lighting, and onboard equipment. The
et-point temperatures are set at 20 °C for heating and 24 °C for cooling,
nsuring compliance with passenger comfort standards. 

Since 2013, Fadak trains have been operating on the Iranian rail-
ay, recognized as the first five-star luxury trains in the country. These

rains are designed to enhance the standards of rail travel, offering a
igher level of comfort and service. Fadak train can accommodate ap-
roximately 400 passengers across wagons that include 10 compart-
ents, each designed for a total of 40 passengers per wagon. The modern
13
menities provided on Fadak train, such as air conditioning, entertain-
ent systems, and restaurant-quality catering, have set a new bench-
ark for premium rail travel in Iran. 

Fig. 19 offers a visual representation of the train’s exterior and in-
erior design, as well as a map of the route through the selected cities,
roviding critical geographic and climatic context for the energy sys-
em’s operation. The objective of this case study is to evaluate the in-
egrated electricity, heating, and cooling outputs of the proposed sys-
em —alongside the current energy production system —throughout the
ourney, based on the specifications provided in Table 9 and using the
ptimal design variables identified in the previous section. The focus
f the case study is to examine the feasibility of the system in terms of
nergy production under varying external ambient conditions. To avoid
dditional complexity to the proposed system, the roles and functions
f thermal and electrical storage are excluded from the analysis. 

Fig. 20 illustrates monthly variations in the mean monthly ambi-
nt air temperature and solar radiation intensity at five stations under
tudy. Fig. 20 (a) indicates the significant monthly variations in ambient
emperature ( T0 ) at the passenger train stations along the route from
outhern Iran to Tehran. Ahvaz stands out as having the highest average
emperature compared to the other cities, reflecting its geographic loca-
ion in one of the hottest regions of Iran, where temperatures on some
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Fig. 17. Exergy analysis of the optimized multi-energy production system. 

Fig. 18. Breakdown of the system cost rate. 

Fig. 19. Visual representation of the passenger 

train and its route map. 
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Fig. 20. Variations in the mean monthly ambient air temperature 

(a) and solar radiation intensity (b) at five different stations. 

Table 9 

Technical specifications of the passenger train considered in the case study. 

Parameter Unit Value 

Number of wagons - 10 

Roof space per wagon m2 72 

Available space on the roof for PVT m2 62 

Number of passengers per wagon - 40 

Set-point temperature (cooling) °C 20 ( ± 0.5) 

Set-point temperature (heating) °C 24 ( ± 0.5) 

Route operational time hr 17 

Number of stops - 5 

Stop duration min 20 

PVT type - Flat plate 

PVT module size m2 2.21 (1.3 × 1.7) 

Pmax (total) per module kW 1.88 

Tilt angle degree 30 

Thermal efficiency % 66.5 

Electrical efficiency % 19.0 
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15
ummer days exceed 50 °C. In contrast, the cities of Arak and Khorram-
bad experience the lowest average temperatures, with values dropping
elow freezing during the colder months, largely due to their higher
levations and cooler climates. These hourly temperature fluctuations,
anging from − 10 °C to over 50 °C, underscore the considerable climatic
iversity encountered along the train’s journey, which has a striking im-
act on the energy consumption and operational efficiency of the train’s
ulti-energy production system. As Fig. 20 (b) shows, solar radiation

lso plays a significant role in the performance of the energy system,
ith Ahvaz receiving the highest levels of solar intensity, reaching up

o 240 W/m2 . In contrast, Tehran and Khorramabad experience the low-
st mean annual solar radiation among the selected cities. These climatic
ariations emphasize the importance of dynamic energy system adap-
ation, integrating energy storage, smart control strategies, and hybrid
eating-cooling technologies to maintain operational efficiency across
arying climatic conditions. 

To shed light on the energy consumption of the passenger train,
ig. 21 illustrates the variations in hourly energy use across different
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Fig. 21. The hourly energy use by the passenger train, including electricity (a), cooling (b), and heating (c). 
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Fig. 22. Hourly net energy generation of the system: Electricity (a), cooling (b), and heating (c). 
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easons. Fig. 21 (a) shows that electrical energy consumption peaks be-
ween the seventh and eleventh hours of operation in all seasons, with a
aximum of 45 kWh in autumn along route 2 (Ahvaz to Khorramabad).

t should be noted that this energy is solely used for lighting and power
utlets in the passenger compartments. The cooling and heating needs
re met by the multi-energy production system, which eliminates the
eed for electrically powered cooling and heating devices. 

Figs. 21 (b) and (c) depict the cooling and heating energy consump-
ion over the 17-hour journey. Cooling energy ranges from 0 to 90 kWh,
ith no demand in winter and the highest consumption during summer
nd spring, especially in subtropical regions like Ahvaz (route 1). Heat-
ng energy consumption, on the other hand, fluctuates between 0 and
5 kWh, peaking in winter and autumn, particularly in colder areas such
s Arak and Qom (routes 3 and 4). During summer, no heating is re-
uired. These findings are crucial for optimum sizing the train’s heating
nd cooling systems, ensuring efficient energy use while maintaining
assenger comfort throughout the year. 

Fig. 22 illustrates the hourly variations in net energy genera-
ion —including electricity, cooling, and heating —produced by the sys-
em as the train travels through five stations along its route across four
easons. Fig. 22 (a) demonstrates a clear positive correlation between in-
reasing solar radiation, heat input to the evaporator, and system power
utput, especially during the hotter hours. As solar radiation intensi-
es, system components such as PVT panels and the ORC turbine oper-
te more efficiently, significantly boosting electricity generation (up to
7 kWh). This enhanced power production allows the system to meet the
rain’s energy demands more effectively, highlighting the pivotal role so-
ar energy plays in optimizing performance during periods of high heat
nd strong solar input. 

Fig. 22 (b) shows that as solar radiation and the inlet temperature
f the absorption chiller rise, the cooling output of the system also in-
reases. This is due to the improved absorption of thermal energy by
he chiller, which is essential for maintaining passenger comfort, partic-
larly during hot weather. A notable cross-point is observed at around
00 kWh in the sixth hour of operation for cooling production across all
easons. The figure emphasizes the critical role of solar energy in driv-
ng the absorption chiller, demonstrating how maximizing solar input
nd maintaining optimal inlet temperatures can significantly enhance
ooling efficiency. Conversely, Fig. 22 (c) depicts an inverse relation-
hip between solar radiation, ambient temperature, and heating output.
 striking difference can be observed between the heating production

n winter and other seasons, which reaches 45 kWh, i.e., between win-
er and summer. As temperatures rise and solar radiation increases, the
ystem reduces heating output, reflecting lower demand for heat dur-
ng the warmer hours. This adaptive response ensures efficient mod-
lation of the system’s energy production, reducing unnecessary heat-
ng during summer while maintaining adequate heat supply in colder
easons. 

The analysis of the system’s energy supply capabilities for the pas-
enger train demonstrates its strong potential to meet energy demands
fficiently. The system not only satisfies the train’s electricity, cooling,
nd heating requirements during most periods of operation, but also
enerates a considerable surplus of energy throughout the year. This
urplus can be quantified by calculating the difference between the en-
rgy produced by the system and the energy consumed by the train,
ighlighting the potential for alternative energy utilization. 

In terms of heating and cooling energy storage, the highest potential
s observed along Route 3, with peak heating energy storage occurring
n spring and maximum cooling energy storage in winter. To optimize
he use of this surplus energy, several strategies can be implemented, in-
luding discharging excess energy at intermediate stations, utilizing it at
he destination, and storing it in dedicated wagons. These approaches
ot only enhance the system’s overall energy efficiency but also sup-
ort the sustainability of the rail network by minimizing energy waste
nd promoting the integration of renewable sources. Through effective
torage and repurposing of surplus energy, the passenger train system
18
an serve as a flexible asset within both the transportation and energy
ectors. 

. Limitations and future work 

Although the proposed model offers a sustainable and cost-efficient
olution for passenger train operations, some limitations must be ac-
nowledged. The study assumes steady-state conditions, neglecting tran-
ient operational variations such as daily and seasonal fluctuations in so-
ar radiation, variable passenger loads, and train acceleration patterns.
hese factors can impact energy demand and system performance, par-
icularly for routes with intermittent solar availability. The case study
as conducted under idealized solar irradiance conditions, namely a

ase with abundant year-round solar irradiance, which may not fully
eflect energy supply challenges during cloudy weather or nighttime
perations. Furthermore, to avoid adding complexity to the proposed
ystem, the roles and functions of thermal and electrical storage are in-
entionally excluded from the analysis, allowing for a clearer assessment
f the core production systems. Indeed, the current study primarily fo-
uses on the performance and multi-objective optimization of the pro-
uction systems, disregarding the role of energy storage systems. 

Future work should address these limitations by incorporating tran-
ient simulations to account for dynamic variations in solar availabil-
ty and train energy demand. To ensure a continuous and reliable
ower supply, a hybrid renewable energy storage system that combines
igh-density lithium-ion batteries with efficient thermal energy stor-
ges should be explored, enabling better management of supply-demand
ismatches and enhancing overall system flexibility. Optimizing train

cheduling and energy dispatch can improve efficiency by aligning en-
rgy generation with demand, and integrating smart energy manage-
ent systems with real-time adaptive control can further reduce losses

nd enhance system resilience. Additionally, refining the cost estima-
ion approach to account for maintenance, component degradation, and
ong-term economic factors will improve economic feasibility assess-
ents. Finally, expanding the study to include different climatic zones

nd rail routes would improve the generalizability of the findings. 

. Conclusion 

The present study aimed to design and optimize a solar-driven multi-
nergy production system to meet the energy demands of passenger
rains. The proposed configuration incorporates PVT panels, an ORC
ystem, an absorption chiller, and a water heater unit. System modeling
as conducted using the EES software, and optimization was achieved

hrough a multi-criteria optimization framework coupling RSM utiliz-
ng Design Expert software and ANN methods using Statistica software
o enhance optimization accuracy. A case study evaluated the feasibil-
ty of implementing the proposed system on passenger trains, focusing
n a real-case train in the route of Khorramshahr-Tehran (Iran), under
arying weather conditions at five stations over the course of a year. 

The bi-level optimization framework effectively allowed for trade-
ffs between conflicting design variables. Using 100 optimal points de-
ived from the RSM and imported into the neural network method
ielded an exergy efficiency of 10.88 % and a cost rate of 1.520 $/h.
he economic analysis revealed that the ORC unit, solar panel, and ab-
orption chiller unit have the highest cost rates, indicating significant in-
estment in these components. Additionally, the exergy analysis showed
hat the most substantial exergy destruction occurs in the PVT panels,
bsorption chillers, and evaporators, highlighting areas for potential ef-
ciency improvements. 

The proposed model demonstrated promising performance by meet-
ng the passenger train’s energy demands during most periods of opera-
ion, while also producing surplus electricity, cooling, and heating that
ould be directed to storage. The proposed cogeneration system not only
ighlights the potential of solar energy in the transportation sector but
lso demonstrates the effectiveness of advanced modeling and optimiza-
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ion techniques in improving system performance and economic viabil-
ty. However, further research is needed to evaluate the system under
 wider range of climatic conditions and operational demands. Expand-
ng the study to include diverse climate zones and rail routes —while
ddressing the aforementioned limitations —would enhance the robust-
ess and generalizability of the findings. 
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