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Abstract

This paper examines the potential of solar and wind energy-based hybrid energy systems
for residential applications using the meteorological data for Antalya, Turkey. To this end,
a Hybrid Renewable Energy System (HRES) is designed to provide electricity, cooling,
space heating, and domestic hot water to meet the energy requirements of a residential
building in a remote area of Antalya. TRNSYS software is employed in the performance
analysis of the system. The key findings of this study indicate that the proposed HRES is
able to offer a technically dependable and economically viable energy system for residential
applications through the generation of environmentally friendly and sustainable energy out-
puts. The HRES generated annual thermal, cooling, and electrical energy of 6916.652 kWh,
3027.083 kWh, and 2730.489 kWh, respectively. System economic analysis and optimiza-
tion is also carried out to ensure the cost-effectiveness and robustness of the system. The
Levelized Cost of Energy (LCOE) is found to be 0.237 USD/kWh. Multi-objective PSO
optimization performed gave a CAPEX and LCOE reduction of 16.1% and 35%, respectively.
This study therefore addresses the limited integrated modeling, optimization, and reliabil-
ity assessment of off-grid solar-wind residential multigeneration systems under Antalya’s
Mediterranean climatic conditions, and it shows the potential of the HRES to save a total of
78,500 kg CO, emissions throughout its lifetime. These research results reveal the reliability
and cost-effectiveness of the proposed renewable energy system for residential applications
in Turkey.

Keywords: renewable energy; optimization; photovoltaic-thermal collectors; wind turbine;
Turkey

1. Introduction

Energy is a crucial requirement in almost all aspects of everyday life. Since global
warming has become a very critical issue in the world today, the source and management of
energy and its production are therefore vital for sustainability, freedom from environmental
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degradation, and the achievement of the United Nations Sustainable Development Goals
(SDGs). Due to the increase in population and industrial production all over the world,
global energy needs are also increasing at a tremendous rate. This puts the existing fossil
fuels in danger of being depleted and increases greenhouse gas emissions, with the attendant
environmental harm. So far, the best solution to reduce the utilization of fossil fuels, which
results in a decrease in environmental pollution caused by their production and usage, is
increased use of renewable energy sources. Buildings are a significant area of application
for energy consumption. The supply of renewable energy for building applications, which
include the provision of cooling and space heating, the supply of hot water for domestic
use, and the electricity supply for household appliances and equipment, are able to reduce
the consumption of fossil resources, thereby decreasing the emission of CO, and controlling
global warming. Renewable energy sources therefore serve as effective alternatives for
meeting global energy needs, which include these building energy applications. However,
one of the critical challenges associated with the use of key renewable energy sources
is the intermittent nature of these resources, which brings about the issue of significant
performance variations. A viable solution to this issue is the provision of a hybrid renewable
energy system that integrates two or more renewable energy resources to provide energy for
various applications [1]. This significantly improves the system performance and reliability.
Renewable energy sources such as sunlight, wind, waves, geothermal heat, and biomass
can therefore be integrated to provide system reliability with improved efficiency and
poly-generation capacity.

At the residential scale, the motivation for a stand-alone HRES extends beyond elec-
tricity generation to the coordinated satisfaction of the various energy services required
by a building. Therefore, the integration of complementary solar and wind resources with
electrical and thermal storage and appropriate conversion technologies provides a means
of balancing variable renewable supply against electricity, space cooling, space heating, and
domestic hot-water demands without relying on the utility grid as the principal balancing
mechanism, especially for remote locations that lack access to the national electricity grid.
Such integrated multigeneration configurations can also enhance the utilization of locally
available renewable energy through the direction of the generated electrical and thermal
energy toward diverse building demands rather than independent treatment of the services.
Consequently, stand-alone residential HRESs offer a useful framework for investigating
the extent to which a single building can achieve greater renewable-energy self-sufficiency
while maintaining the required energy services despite temporal variations in renewable
resources and demand profiles [2,3].

Within this broader context, the potential of HRESs is particularly relevant in countries
and locations with abundant and complementary renewable resources. Tiirkiye represents
an important case in this regard, given its considerable solar and wind energy potential
and its ongoing transition toward a greater share of renewable energy. Turkey, a developed
country and member of the Group of Twenty (G20) major economies, is blessed with
a significant amount of renewable energy sources. This means renewable-based energy
systems should be considered vital solutions for Turkey’s sustainable development. The
share of fossil fuels in Turkey’s energy consumption has recorded a remarkable drop in the
past few years, with the share of modern renewables in final energy consumption in the
year 2022 being 13.81%. Furthermore, the renewable share of electricity generation in the
country in 2022 is 42% [4]. Recent data has shown that renewable energy sources made
up 45.65% of electricity generation in Turkey in the year 2024, with wind and solar power
contributing a combined 18.22% and surpassing domestic coal power’s historic peak in the
country [5,6]. Turkey’s national energy plan targets a 65% share of renewable energy in its
installed overall energy capacity by 2035 [7]. With Turkey’s enormous renewable energy
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resources, increased research on advanced renewable energy technologies that produce
renewable energy systems with enhanced performance, and favorable government policies,
this target is deemed to be realizable.

Due to its geographical location, Turkey has a high energy potential, with an annual
average daily solar radiation of 3.6 kWh/ m? [8]. At the local scale, Antalya receives an
average annual total solar irradiation of approximately 1600-1650 kWh/(m?-yr), which is
higher than the national average (of 1527.46 kWh/(m?-yr) and confirms the strong solar-
energy potential of the selected study location [9,10]. Antalya, which is located on the
Mediterranean coast and in the southwestern part of Turkey, is one of the few Turkish
metropolitan cities with a very sunny climate. The summer periods are hot and dry while
the winter is generally mild. With approximately 3000 h of sunlight annually, Antalya
enjoys a very sunny climate and abundant solar energy [11,12]. When it comes to wind
energy potential, Turkey has favorable geographical and climatic features for wind energy.
The majority of wind energy projects in Turkey are concentrated in the Mediterranean and
Aegean regions. Antalya, based in the Mediterranean region, with its long coastline and
presence of high-altitude mountains with intense wind conditions, therefore has sufficient
potential for wind energy production. The annual average wind speed for the Mediterranean
Region of Turkey ranges between 5.5 m/s and 7 m/s. The annual average wind density for the
region is 21.4 W/m? [13-15]. Furthermore, there are remote locations in Antalya that lack
access to the national electricity grid, requiring buildings to rely entirely on off-grid energy
systems. While the majority of Antalya province’s main municipal districts and coastal
towns are fully connected to the central grids, the province’s unique topography, bordered
by the rugged Taurus Mountains, isolates several types of areas, making extension of the
grid both physically and financially very difficult to penetrate. This situation underscores
the significance of stand-alone energy systems in these remote locations. As Turkey targets
an increased share of renewable energy in its installed overall energy capacity for the coming
decade, this study therefore contributes to research works on renewable energy systems
by presenting a multigeneration hybrid renewable energy system that is able to satisfy the
energy demands of a residential building located in remote area of Antalya, Turkey. Antalya
is used as the case study due to its obvious solar as well as wind resource potentials.

Numerous studies have utilized the presence of enormous or sufficient renewable
energy resources in different locations of the globe to model various hybrid renewable
energy systems using varied standard software that are able to carry out technical and
economic analysis of the system as well as guarantee reliability and efficiency of the system.
Alhijazi et al. (2023) [16] carried out a review of hybrid renewable energy systems, taking
into consideration different aspects that include principles, type, sources, hybridization
approach, unit energy production cost, and areas of application. In addition, the hybrid
renewable energy systems with and without storage systems were considered in the review.
The study observed that the popularly utilized software in the simulation, design, evaluation,
and optimization of these hybridized RE systems are Greenius, HOMER, SAM, and TRNSYS.
The environmental benefits of HRESs are observed from the various studies considered. The
immense potential in biomass-concentrated solar energy-based HRESs was emphasized, as
this integration type not only produces thermal and electrical energy alone, but it also offers
solutions for environmental issues relating to waste biomass. The utilization of these hybrid
renewable energy systems to produce multiple outputs increases both the environmental
and economic benefits, ensuring the sustainability of the system. Various works with
hybridized biomass—solar renewable energy systems revealing the benefits mentioned
above can be found in the literature. Petrollese & Cocco [1] carried out an assessment of the
technical and economic performance of a hybrid Concentrated Solar Power (CSP)-biogas-
based system. The study developed a simulation model for the system’s performance
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analysis and evaluated the impacts of variation in anaerobic digester volume and the capacity
of the storage tank. The system’s economic analysis was carried out, and the optimal system
configuration, while considering the economic aspect, was achieved with a decent biogas
section that was able to supply part of the nominal input thermal energy that is needed
by the power block. The efficient sizing of the biogas section leads to improved system
capacity factor and efficiency. In a similar manner, El-Sattar et al. [17] presented a novel
solar-biomass gasifier-based hybrid system for a rural location in Egypt. The simulation
results with the optimal system sizing and improved cost using a Mayfly Optimization
Algorithm (MOA) showed an energy cost of 0.2106533 $/kWh and net present cost (NPC)
of $6,170,134. Godino & Garcia [18] also performed a technical and economic evaluation
of a novel solar-biomass-based small-scale HRES. From the study results, the LCOE was
characterized based on solar field size, biomass boilers size, and biomass consumption
limitations. The finding shows that increased plant installation size has a positive impact
on the LCOE, although the plant size’s annual biomass consumption is expected to be
compatible with the production, and in the plant’s vicinity. There are also studies that
employed hybridization of other renewable energy sources without inclusion of solar
energy source. Bhatti et al. [19] presented a renewable energy hybrid system that combined
both biomass and wind energy sources to generate electricity, cooling and space heating,
fresh water, hot water, and hydrogen. The system was designed using both Simulink and
Engineering Equation Solver (EES), and the results showed output power generation of
7 MW and 0.6 MW for the wind turbine section and the biogas unit, respectively.

The combination of a solar source renewable energy system and wind turbine is widely
employed by researchers, and this hybridization of renewable energy sources is common
in the literature as well as in real-life usage [20]. These two sources of energy comple-
ment each other as a result of varied peak production. Solar energy experiences peak
periods during the day when the radiation from the Sun is intense, while wind energy
often peaks in the evening or during the night when the Sun is down. When one source
is less productive, the other source thus fills the gap, which ensures a constant supply of
energy by the hybrid system. Afrouzi et al. [21], in their study, presented a stand-alone
hybrid photovoltaic-wind system to supply electricity to a rural community in Lundu,
Malaysia. The proposed system simulation was carried out using MATLAB, while the
optimal sizing and cost for the hybrid PV-wind system over a 20-year period were obtained.
The optimal system combination showed eleven solar panels, a wind turbine, and nine
batteries with a Life Cycle Cost of RM 221,329.97 (~$54,717). Allouhi et al. [22] also pro-
posed a solar-wind-based hybrid renewable energy system to satisfy the electrical load of
a multi-family residential building with the addition of clean hydrogen production. The
authors were able to substitute a Solar Dish Stirling (SDS) for conventional photovoltaic or
PVT solar source to produce a SDS-Wind Turbine-based hybrid system with potential for
higher efficiencies and competitive costs. The system’s performance was investigated using
two locations in Morocco (Quarzazate and Dakhla). The optimum system configurations
from the findings indicate that Dakhla significantly favors the implementation of wind
turbine technology, yielding NPC and LCOE values of 3.053 M€ and 0.0697 €/kWh respec-
tively, while Quarzazate favors the SDS technology, yielding NPC and LCOE values of
3.391 M€ and 0.126 €/kWh, respectively. A standalone hybrid solar-wind energy system,
also connected to an electrical battery system for energy storage, to electrify a single-family
residential building is presented by Babalola et al. [23]. Simulation and optimization of
the proposed hybrid system were performed using HOMER Pro and analyzed for three
different locations in Nigeria (Kano, Anambra, and Lagos). The findings indicate that
Kano shows the best economic performance indices by having a net present cost (NPC)
of $32,212.52 and cost of energy (COE) of $0.6072/kWh. It was followed by Anambra

https://doi.org/10.3390/su182111335


https://doi.org/10.3390/su182111335

Sustainability 2026, 18, 11335

5 of 46

(with NPC = $45,671.68 and COE = $0.8609/kWh) and lastly Lagos (NPC = $47,184.62 and
COE = $0.8706/kWh). The study thus observed that locations with higher renewable energy
potential have lower energy cost. Another hybridization of a solar—-wind turbines renewable
system is proposed by Savio et al. [24]. The study performed the modeling and simulation
of a 2.5 MW solar-wind hybrid system using MATLAB. The system was optimized for
domestic grid application. The results indicate a significant reduction in the Total Harmonic
Distortion (THD), with a decrease in voltage and current THD from 45.48% to 26.205 and
8.32% to 2.88%, respectively. The results therefore demonstrate the effectiveness of the
proposed solar-wind-based HRES in the provision of high-quality power as well as offering
sustainable energy solutions. Kumar & Majid [25] performed a feasibility study of a wind-
solar hybrid energy plant, with the design strategy for the deployment of wind—solar hybrid
power facilities in India examined. The study also investigated the potential challenges
inherent in wind-solar hybrid technologies and proffered possible solutions to the identified
challenges. While the authors design a wind—solar hybrid system for a small-scale irrigation,
the study observed that large-scale hybridized wind-solar energy projects are in their early
stages in India, with more research required.

Researchers have also worked on hybrid energy systems that integrate diesel generators
with renewable energy sources to produce sustainable energy. He et al. [26] presented
a hybrid renewable energy system with varied component combinations using HOMER
software for system optimization, with Malang regency in Indonesia as the case study region.
Although the case study region was connected to the grid, the study is able to show that
an off-grid hybrid system consisting of PV, bio generators, diesel generators, and a battery
system is able to satisfy the demand load and also provide a solution to environmental
issues. A standalone hybrid system consisting of similar components, that is, solar panels,
a biomass generator, a diesel generator, and a battery bank, is presented in [27] to meet
the energy demands of a rural community located on an island in the Gulf of Guayaquil in
Ecuador. The optimization and evaluation of the system indicate that the system’s overall
cost is $96,033 while the levelized cost of energy (LCOE) is $0.276/kWh, making it attractive
for implementation. Ganjei et al. [28] performed the modeling and sensitivity analysis of
an off-grid wind-solar-based hybrid system combined with a diesel generator and battery
bank for the Turkalan rural area, located in the East Azerbaijan Province of Iran. Analysis
and optimization of the proposed system was performed using HOMER software. The
optimum system configuration is the solar—generator system with a battery. It gives an NPC
of $3224 with a capacity of 13 kW solar panels and a 2 kW diesel generator with 17 batteries,
offering a better solution to satisfy the electrical demand of the Turkalan area.

Table 1 shows an overview of some of the studies on hybrid renewable energy systems
based on the literature, with key metrics such as renewable energy sources employed, loca-
tion, software platform, application, energy outputs, and optimization approach provided.
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Table 1. Overview of the literature review.
Renewable . - . . R
Ref Year Energy Sources Location Software Used Application Energy Outputs Economic Metrics Optimization Approach
Solar PV and . Mayfly Optimization
[17] 2022 biomass Abu-Mongqar, Egypt MATLAB Remote area Electricity 0.2106533 $/kWh (Energy cost) Algorithm (MOA)
Solar PV and wind . . . - LCC analysis using
[21] 2021 turbine Sarawak, Malaysia MATLAB Rural community Electricity RM221,329.97 ~ $54,717 (LCC) MARLAB code
. .. . Residential Electricity and NPC/LCOE: 3.053 M€/0.0697
[22] 2022 Solar D,ISh Stlrl'mg Ouarzazate and Dakhla  System Advisor (Multi-family hydrogen €/kWh (Dakhla) 3.391 M€/0.126  No optimization performed
and wind turbine (Morocco) Model (SAM) 1 .
buildings) production €/kWh (Ouarzazate)
Solar PV and wind HOMER Pro Rural settlement . $297,419 (NPC), 0.340 $/kWh
[29] 2025 turbine Soma, Turkey and MATLAB electricity supply Electricity (COE) HOMER Pro
NPC/COE:
. Residential $32,212.52/$0.6072/kWh (Kano),
[23] 2026 SclarPVandwind  Kano Anambra,and  pyonpp prg (Single-family Electricity $45,671.68/$0.8609/kWh HOMER Pro
turbine Lagos (Nigeria) . ! e
residential building) (Anambra),
$47,184.62/$0.8706/kWh (Lagos)
. Turkalan village, East ..
[28] 2022 Solar and wind Azerbaijan province, HOMER Rural area electricity Electricity 0.371 $/kWh (COE), $3224 HOMER software
energy Iran software supply (NPC)
Solar PV and wind Northeastern region, Mathematical Remote area . . Crow search algorithm
[30] 2022 turbine Saudi Arabia models electricity supply Electricity 0.03883 $/kWh (minimum COE) (CSA)
Solar and wind . ) MAT- Residential (450 . o
[24] 2025 energy Tamil Nadu, India LAB,/Simulink households) Electricity - No optimization performed
Solar PV and bio . HOMER Regional electricity L. 0.188 $/kWh (COE), $1.02 Multi-criteria
[26] 2023 generator Malang, Indonesia software supply Electricity million (NPC) decision-making (MCDM)
. o COE: 21,583 $/kWh (SSA),
[31] 2022 olar fl}igfr‘l‘i wind g1 Bahariya oasis, Egypt MATLAB OHEEEIZZQEE Electricity 0.21583 $/kWh (GWO), 0.21582 SSA, GWO, and IGWO
P $/kWh (IGWO)
[27] 2024  Solarand biomass iasa 2 community, Gulf HOMER Residential (17 Electricity ~ $0.276 (LCOE), $36,944 (TNPC) HOMER software
of Guayaquil, Ecuador software low-income homes)
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Table 1. Cont.
Ref Year Enﬁ:;;‘gi‘;ﬁes Location Software Used Application Energy Outputs Economic Metrics Optimization Approach
Mathematical NPC/LCOE: $236,571/0.33
[32] 2022 Solar PV and wind Sharourah and Hafar models and Electrical power Electricit $/kWh (Sharourah), No optimization performed
: turbine Al-Batin (Saudi Arabia) HOMER generation y $296,633/0.414 $/kWh (Hafar p p
Al-Batin)
Engineering
[33] 2025 Solar PTC and Kayseri, Turkey Equation Solver Hydrogen Electricity 0.182 $/kWh (LCOE) No optimization performed
geothermal energy (EES) production
Solar PV and wind - I . 0.1159 $/kWh (COE), 134,275.8 PSO, DE, MRFO, SFLA,
[34] 2023 turbine Jarre, Ethiopia MATLAB Rural electrification Electricity $/yr (TAC) RSA and RUN
District
. Saraykoy district, P
[35] 2023 Solar and wind Denizli province HOMER electrification Electricity 1.61 $/kWh (unit energy cost) HOMER software
energy (Turkey) software (100-household
area)
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As evident from the literature review as well as the summary in Table 1, there have
been a variety of studies in the field of hybrid systems employing renewable energy sources.
Additionally, several studies can be found on hybrid renewable energy systems using the
climatic conditions of various cities in Turkey. However, most prior studies have centered
on HRESs for residential and public buildings, focusing on electricity production only or
electricity production in combination with a few other outputs using static or simplified
modelling environments such as HOMER or MATLAB/Simulink. Thus, limited works
focus on exploring the hybrid renewable energy resource potentials of the Mediterranean
region of Turkey for multigeneration purposes. Additionally, the PVT/wind energy multi-
generation system, which has many advantages that cut across both technical and economic
performances, has not been widely analyzed and utilized in residential buildings under
the Mediterranean climatic conditions characteristic of Antalya, Turkey. Modeling and
performing dynamic simulation of this RE-based hybrid building energy system under the
Mediterranean climatic conditions of Antalya significantly contributes to ongoing researches
in the area of decarbonized energy in buildings as well as building energy sustainability. In
summary, the main contributions of the present research are as follows:

= Modeling and dynamic analysis of a solar/wind-based hybrid building energy system
to generate electricity, hot water, cooling, and space heating.

= Employing the dynamic TRNSYS 18 software as a powerful tool for the modeling
and simulation of the dynamic hybrid system with a unique thermal distribution
configuration and control strategy.

m  Performance analysis of the proposed hybrid renewable energy system for climate-
specific significance, that is, using the Mediterranean climatic condition of An-
talya, Turkey.

= Optimization of system performance and provision of detailed reliability analysis across
technical and economic criteria using Multi-Objective Particle Swarm Optimization
(MOPSO) approach and Monte Carlo Simulation, respectively.

2. Methodology

The methodology employed for this study utilizes TRNSYS 18, SketchUp Pro 2019,
and Python 3.13 environments for the design, simulation, and optimization of a hybrid
renewable multigeneration energy system for a residential building under the climatic
conditions of Antalya, Turkey. The HRES configuration was developed through a sequential
design procedure based on building energy-service requirements, local renewable-resource
availability, and component operating constraints. First, the residential electricity, cooling,
space-heating, and DHW demands were established together with the Antalya meteorolog-
ical conditions. PVT was selected to provide both electrical and thermal energy, while wind
generation was incorporated as a complementary renewable electricity source. Because
renewable production does not necessarily coincide with the building demands, battery stor-
age was incorporated to manage electrical-energy mismatch, whereas thermal storage was
used to buffer PVT heat for cooling, space heating, and DHW production. The thermal con-
version components were then selected and sized according to the corresponding building
loads and operating-temperature requirements, including the absorption chiller for convert-
ing PVT-derived heat into cooling. Supervisory control was subsequently implemented to
coordinate energy production, storage, and distribution according to energy demands and
storage/temperature constraints. The resulting configuration was dynamically simulated
in TRNSYS, followed by parametric assessment of the principal design variables, model
validation, economic performance analysis, and environmental assessment. System opti-
mization is subsequently performed using Multi-Objective Particle Swarm Optimization
(MOPSQO). The MOPSO optimization was sequentially coupled with the TRNSYS-based
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HRES model, with the technical and energy-performance outputs obtained from TRNSYS

transferred to the Python optimization framework for techno-economic evaluation. An

uncertainty analysis framework based on Monte Carlo Simulation was thereafter conducted

to ascertain the proposed HRES’s reliability. Figure 1 represents the flow chart of the

methodology description, showing the dynamic modelling of the proposed hybrid energy

system in TRNSYS and the system’s optimization and reliability analysis conducted by

applying multi-objective particle swarm optimization (MOPSO) technique and Monte Carlo

simulation, respectively.

DEFINE SYSTEM CONFIGURATION AND COMPONENTS, TRNSYS

MODELING AND SIMULATION

Input Data and Boundary Conditions ble Resource
sClimatic condition: Antalya, Turkey sWeather data: Meteonorm 8 (TMY) *Antalya’s solar resource (irradiation, temperature)
 Residential building model (SketchUp + TRNBuild) * Antalya’s wind resource (wind speed, wind power density)

* Energy demand profiles: Electricity, cooling, space heating, DHW

v

HRES Archi Selection and C Design
eSelection of renewable energy sources: PVT (solar) and wind >
e lecti inition of system ion and energy flow pathways

Design considerations
Building energy demands
¢ Local renewable resource availability
* Component operating constraints and
stand-alone operation

| Component Sizing and Modelling in TRNSYS

eDetermination of components initial sizing, TRNSYS Types and control strategy implementation ‘

luation of

Dynamic Simulation and Base Case Evaluation

# Performance of annual dynamic simulation in TRNSYS and
baseline design

peration for the

| Parametric Analysis

eVariation of key design parameters and analysis of the effect

Model Validation

Validate system’s key component models against publi based

data and access

the between sil and results to establish model

Economic and Environmental Assessment

® Assess the environmental benefits through esti d CO2 emission r

sEvaluate the economic performance of the HRES using economic metrics of CAPEX, O&M costs, LCOE, NPV, and paykack period
relative to the reference conventional energy system

MULTI-OBJECTIVE OPTIMIZATION USING MOPSO (PYTHON)

[ Dafina decieion variables. obievtive fantiors and

v

[ Apply MOPSO to obtain optimal component sizes

!

I Pareto-optimal ise soluti

UNCERTAINTY ANALYSIS (PYTHON)

‘ Assess the robustness of the optimal solution under different uncertainties ‘

v

Run Mente Carlo Simulation of optimal solutions (from MOPSO knee-point solution) and
evaluate key performance indicators (LCOE, CAPEX, NPV, and LPSP)

.

Store results (LCOE, CAPEX, NPV, and LPSP) and produce Statistical Analysis of the results
(Mean, Median, Std., Variance and Confidence Intervals)

RESULTS AND DISCUSSION

Analyze MOPSO solutions and reliability results under uncertainty)

N

From the HRES of technical, ic, and

and

the MOPSO and uncertainty analysis results, explore practical implementation constraints
for the system and draw conclusions

Figure 1. Flow chart showing the modelling, simulation, optimization, and uncertainty analysis of
the proposed HRES.
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3. Building Description and Conditioned Space
3.1. Building Description

For effective representation of the real-life system, a model of a single-family residential
building with three zones was developed by utilizing SketchUp and TRNBuild. The latter
is an integral part of the whole TRNSYS simulation software. The building geometry
and features were first created using SketchUp. The created model was subsequently
imported into TRNSYS simulation studio. The Trnsys3D plugin extension in the SketchUp
environment made the file compatible with TRNSYS software. The building is oriented
along the east-west axis, with its principal facade facing south. The model is divided into
three thermal zones consisting of two ground-floor zones and one upper-floor zone, as
shown in Figure 2. The building wall types and layers’ details, as well as their u-values
utilized for the building, are given in Table 2 below.

Table 2. Building construction materials.

Structure Type Layers Thickness (m) Total u-Value (W/m?K)
Finish 0.01
Plast 0.09
External wall IN aster 0.495
irspace -
Brick 0.3
Floor 0.005
Stone 0.025
Ground floor Concrete 0.24 0.423
Insulation 0.08
Floor 0.005
Stone 0.025
Inter-floor Concrete 0.24 0.749
Plaster 0.04
Plaster 0.013
Inside wall Brick Plaster 0.23 1.314
Inside Film 0.02
Concrete 0.20
Roof Wall Insulation 0.16 0.258
Window - - 1.4

Figure 2. Building model from SketchUp.

For the determination of the U-values of the construction materials used for the building
layers, the average U-values of the building elements are estimated and compared with
the Turkish Standard TS 825 [36], which specifies the thermal insulation requirements for
buildings. In TS 825, specifications that are less than those in the standard values are also
recommended for efficiency measures. Therefore, taking into consideration the values in the
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TS 825, the thermal transmittance of the construction materials for the single-story building
have been selected. The external walls consist of four layers, viz., Finish, Plater, Airspace,
and Brick, with their thickness shown in Table 2. The total thickness of the external wall is
0.400 m, while its thermal resistance coefficient is 0.495 W/m?K. The layers that made up of
other structure types in the building (inside wall, roof wall, ground floor, and inter-floor)
and their thickness, as well as the total U-value, are shown in Table 2. All external windows
are modeled as thermally broken aluminum-framed, argon-filled double low-e glazing units
with an overall thermal transmittance of U,, = 1.40 W/m?K, a solar heat-gain coefficient of
g = 0.40, and visible transmittance of 0.60.

3.2. Building Conditioned Space

The instantaneous cooling load and cooling energy requirements of the modelled
building are based upon heat gains (transmission) through building elements, solar radia-
tion through windows, air exchange, and internal loads. The latter includes loads due to
people, lighting, and equipment. The air exchange load includes infiltration through doors
and windows and ventilation. Table 3 summarizes the key parameters used in the building
conditioning design.

Table 3. Main design parameters for building conditioned space.

Parameters Values
Set temperature for cooling 24 °C
Infiltration Wind-speed-dependent air-change rate
Infiltration model ACH,y = 0.07Vw + 0.4
Lighting internal gain 2600 KJ/h
Occupant internal gain 560 KJ/h
Equipment internal gain 1000 KJ/h
Internal-gain schedule 16:00-08:00

The internal heat gains of 2600 kJ/h from lighting, 560 kJ/h from occupants, and
1000 kJ/h from electrical equipment were applied according to an internal-gain schedule
from 16:00 to 08:00. The air infiltration depends on the wind velocity and was represented
by the following expression:

ACH,,s = 0.07V, + 0.4 (1)

where V, is the wind velocity obtained from the Antalya TMY weather file and ACH,,,
represents the air change due to the infiltration.

4. System Description

The hybrid multigeneration renewable energy system design and simulation were
carried out in the TRNSYS environment. The model architecture comprises five major loops
and is presented in Figure 3. These five loops are the solar heating loop, the electrical
power loop, the absorption cooling loop, the space heating loop, and the domestic hot
water (DHW) production loop. The weather conditions for Antalya were represented using
a Typical Meteorological Year (TMY) weather dataset generated with Meteonorm 8 and
imported into TRNSYS for the annual simulation. The TMY dataset represents statistically
typical long-term climatic conditions for Antalya rather than the meteorological conditions
of a specific calendar year [37].
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Figure 3. Schematic diagram of the proposed hybrid renewable energy multigeneration system.

The electrical load, cooling load, space heating load, and hot water consumption uti-
lized in this study were based on a single-family residential building in Antalya, situated
in the Mediterranean region of Turkey. The residential building was assumed to accom-
modate four occupants. The electrical-demand profile was developed using a bottom-up
appliance-based approach, considering basic household appliances and their rated powers,
quantities, and representative daily operating durations, as summarized in Table 4. This
approach is consistent with residential load-profile studies in Tiirkiye, in which appliance-
level electricity consumption and operating patterns are used to characterize household
demand [38]. The resulting annual electrical demand of the modeled dwelling was approx-
imately 2855.395 kWh.

Table 4. Basic appliances and electrical load data.

Annual
. Rated Power . Operating Time  Daily Electricity . .
Equipment (W/unit) Quantity (h/day) (Whjday)  GEEet
LED lamps 18 8 5 0.720 262.800
Television 80 1 4 0.320 116.800
Refrigerator 100 1 24 2.400 876.000
Ceiling fans 75 2 5 0.750 273.750
Washing machine 1800 1 1 1.800 657.000
Laptop computer 90 1 2 0.180 65.700
Communication devices 17 3 3 0.153 55.845
Miscellaneous and auxiliary L o . 1.500 547 500
loads
Total 2415 17 — 7.823 2855.395

The adopted operating hours represent typical usage assumptions for the simulation,
as actual appliance operating durations and consequently household electricity demand
may vary according to occupant behavior, habits, appliance ownership, and usage patterns.
The DHW profile was specified for the same four occupants, with a design consumption
of 180 L/day at a delivery temperature of 45 °C. This design assumption follows local
Antalya solar-water-heating practice that commonly sizes residential hot-water storage at
roughly 40-50 L/person [39]. Additionally, some Turkish residential studies have adopted
approximately similar values, as [40] reported average consumption of 45 L/day per person
at 60 °C. This indicates that the present assumption, with a delivery set-point of 45 °C,
provides a modest allowance for variations in occupant hot-water-use behavior.
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4.1. Solar Heating Loop

The major components of the solar heating loop in the proposed system are the PVT
collectors, the storage tank, and a pumping system that delivers heated fluid to the storage
tank. The Antalya weather data component (TRNSYS typel5) also belongs to this unit.
The PVT system has eleven PVT panels, each having a rated power of 275 W. The electrical
characteristics of the collectors are obtained from “Wiosun C275M” solar panels, manu-
factured by the German company “Wiosun”. Each solar collector module has a surface
area of 1.46 m?, comprising of 60 monocrystalline cells, each having a size of 156 mm x
156 mm. The efficiency of the solar cells used in the module is 16.9% [41]. For the thermal
characteristics of the PVT collectors, the parameters employed in the TRNSYS component
for the PVT collector (Type 50b) are shown under Table 3. The PVT collectors are connected
to a regulator-battery system as shown in Figure 2. The solar energy not utilized for electric-
ity production is converted into thermal energy, which heats the working fluid that flows
into the main storage tank with a capacity et of 2 m®. The main thermal storage capacity
provides adequate short-term buffering between the intermittent PVT thermal supply and
the thermal loads while avoiding excessive storage volume and thermal inertia.

4.2. Electrical Power Loop

The generated electrical power from the system’s PVT collectors is sent into a regulator—
battery unit, that consists of an inverter and a set of two batteries (each 250 Ah and 24 V)
connected in series to store the surplus or unused electrical energy generated and enable its
further use as the need arises. The wind turbine unit also falls under the electrical power
loop. The wind turbine data are obtained from the YWS-500 Wind Luce specification data
for the YWS 500W-rated power capacity wind turbine at a wind speed of 12.5 m/s [42].

The electric load comprises the electrical power required by some components of the
system loops, such as the pumps, and the electrical power demand of the single-family
residential building being considered in this study. Surplus electricity generated is stored
in the batteries while the regulator controls the battery charge and discharge operation.
The daily electricity demand for a typical single-family residential building that consists
of basic lighting and electrical equipment for a lower/middle-income family in Turkey is
generated [43]. Figure 4 shows the monthly electricity demand for a single-family residential
building as implemented in the TRNSYS simulation. The average monthly electrical load
for the building is 237.95 kWh.

Electric Demand
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Figure 4. Monthly electricity demand for a single-family residential building.

4.3. Absorption Cooling Loop

The absorption cooling loop is part of the thermal comfort unit and consists of the
absorption chiller, cooling coil, cooling fan, auxiliary cooler (condenser), and the pumping
system within the loop. The required thermal energy for the operation of this loop is
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transferred to the absorption chiller by the supply of hot water through the main storage
tank at 75 °C. The hot water received by the absorption chiller is employed to evaporate the
refrigerant and, subsequently, the absorption chiller supplies chilled water to the air-cooling
coil represented by Type 32 in TRNSYS. A single-speed fan (Type 112) circulates the room air
through the cooling coil. The household cooling load generated from TRNSBuild is supplied
by the absorption system through the flow stream loads model (standard component Type
682 in TRNSYS) in combination with the cooling load data reader. The monthly cooling
demand generated from the residential building using Antalya climatic conditions is shown
in Figure 5. The total annual cooling demand for the single-family residential building is
2842.01 kWh. The occupancy schedule in a working day, with a maximum of four people
considered to live in the building, is from 4:00 p.m. to 8:00 a.m.

Cooling Loads
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Figure 5. Building monthly cooling demand.

The absorption chiller utilized for this study is component Type 107 in TRNSYS,
which is a hot water-fired single-effect absorption chiller. The absorption chiller sizing
was realized based on the maximum hourly cooling load obtained from TRNSYS simula-
tion. The peak cooling load was 9.47 kW; therefore, applying a 15% design margin gives
9.47 x 1.15 = 10.89 kW. Accordingly, a nominal 11 kW single-effect LiBr-H,O absorption
chiller was adopted, providing an actual capacity margin of approximately 16.2% above the
simulated peak cooling load. The specifications of the adopted 11 kW model are based on
the residential-scale 11 kW LiBr-H,O absorption system reported by Florides et al. [44].

The hot water stream serves as the input energy to the chiller’s generator. The equation
guiding the imposition of the generated cooling loads onto the chilled water stream is
expressed as

Qcoolingload = mc.hwcp(Tin - Tout) (2)
where C, is the specific heat capacity of water (4.19 kJ/kg-K), i1y, represents the chilled
water mass flow rate, and T}, and T,,, are the chilled water inlet and outlet temperatures.

4.4. Space Heating Loop

The space heating loop consists of the heat exchanger, two pumping systems, the flow
diverter, the flow mixer, and a controller. The diverting valve from the solar heating unit
coordinates with the heat exchanger in the space heating loop, as well as the absorption
chiller in the absorption cooling loop, in order to operate both units and achieve thermal
comfort for the building as demanded. The heating loads generated for the residential
building located in Antalya, Turkey come in the winter months of December, January, and
February and amount to a total of 146.030 kWh.

4.5. Domestic Water Heating Loop

The domestic hot water (DHW) heating loop consists of the domestic hot water tank
and variable pump, flow diverter, flow mixer, and a differential controller. The DHW
tank’s capacity is 0.5 m®. The delivery set point temperature is 45 °C. The modeling of
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the domestic water heating loop with the constituent components has been configured to
achieve this set point temperature for domestic applications. A tempering valve, which is a
temperature-controlled flow diverter, adjusts the output temperature of the hot water tank
to a set point temperature.

It is subsequently connected to a tee-piece flow mixer. The latter carries out the mixing
of the higher temperature stream that emanates from the hot water tank and the low-
temperature stream from the city water mains. This ensures the achievement of the set
steady temperature of 45 °C for household applications. The operation of the variable speed
pump is controlled by the differential controller within the loop and aids in the recirculation
of the hot water within the loop. Figure 6 depicts the total daily consumption of hot water
for a single-family residential building as designed for this study in TRNSYS. The daily hot
water load profile is 180 L per day.
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Figure 6. Daily hot water load profile designed for a single-family residential building (180 L/day).

The five major loops in the proposed HRES as modeled in TRNSYS are presented in
Figure 7. The major components and their parameters employed in the system modelling
are shown in Table 5, while all equipment and their respective types in TRNSYS used in the
simulation are presented in Table 6.

Table 5. The main components and parameters of the system.

Component Parameter Value
PVT collectors Number of pieces 11

Area 16.0 m?
Collector fin efficiency factor 0.96
Collector plate absorptance 0.90
Collector plate emittance 0.09

Loss coefficient for bottom and edge losses 1.1 KJ/(h.m?K)
Collector slope 38°
Temperature coefficient of PV cell 0.0032 k1
Nominal temperature for cell 25°C
Cell efficiency at reference conditions 16.9%
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Table 5. Cont.
Component Parameter Value
Wind Turbine Rated Power 500 W
Rated wind speed 12.5m/s
Rotor Diameter 1.558 m
Turbine weight 17.5kg
Start-up wind speed 1.0m/s
Cut-in wind speed 1.5m/s
Charging wind speed 25m/s
Survival Wind Speed 60 m/s
Number of Blades 3
Absorption chiller Cooling capacity 11.0 kW
Coefficient of performance 0.74
Heat input to the generator 14.9 kKW
Absorber heat, rejected to the environment 14.1 kW
Condenser heat, rejected to the environment 11.8 kW
Evaporator output power 11.0 kW
Thermal storage tank Tank type Stratified
Tank loss coefficient 0.8 W/(m?2-K)
No. of nodes 10
Battery Type Lead-acid
Quantity 2 pieces
Unit voltage 24 VDC
Unit capacity 250 Ah
Minimum SOC 30%
Maximum SOC 100%
Charging efficiency 0.85
Heat exchanger Heat exchanger effectiveness 0.65
Specific heat of source side fluid 4.19 KJ/ (kg-K)
Specific heat of load side fluid 4.19 KJ/ (kg-K)

Table 6. Equipment and Types simulated in TRNSYS.

Item Type
Weather data 15
PVTs 50b
Wind turbine 90
Battery 47a
Inverter 48b
Electric demand 14h and 41c
Storage tank 4a
Absorption chiller 107
Cooling coil 32
Auxiliary cooler 92
Cooling fan 112b
Imposed loads 682
Data reader 9¢
Pumps 3d
Variable speed pump 110
Heat exchanger 91
Controller 165b
Diverter 11b
Flow mixer 11h
City mains 14b
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Figure 7. Simulation of the proposed hybrid RE multigeneration system, designed in TRNSYS.

4.6. Control Strategy

The control mechanism employed in the modelling of the proposed HRES comprises
four control strategies, each one for each loop within the system, with the exception of the
absorption cooling and space heating loops, which have a joint control strategy. These four
control strategies are all implemented within the TRNSYS environment, utilizing differential
controllers, built-in equation components, load-data readers, and flow diversion and mixing
components. The description of these control strategies is provided in this section, with the
corresponding control flowcharts for the four strategies illustrated in Figure 8.

The electrical power loop controller is responsible for electrical energy management.
It monitors the renewable electrical production from both PVT and wind turbine. The
electrical production is defined as Prg = Ppyr.el + Py, with direct supply of the residential
load (P;) given first priority. When Pry > P;, surplus renewable electricity charges the
battery, provided the state of charge (SOC) < 1.00; when Pyr < P;, the battery supplies the
deficit, provided SOC > 0.30. The battery operates within a state of charge interval of 30 to
100%. A charging efficiency of 0.85 is applied to the battery model. The battery discharge is
represented by the TRNSYS Type 47a model formulation, and this includes the electrical
losses associated with its internal battery characteristics. The solar heating loop controller
receives input from the PVT modules and the main storage tank. The heat transfer from the
PVT array to the main thermal storage is governed by a differential-temperature controller.
The controlled temperature difference is AT = Tpvt,out — Ttank,top. An upper deadband of
ATy =10 °C and lower deadband of AT; = 2 °C were adopted. Accordingly, the controller
makes a comparison between the PVT modules outlet temperature and the temperature
of the top of the main storage tank, so that pump 1 is switched ON when AT > 10 °C and
it is switched OFF when AT < 2 °C. The hysteresis between the ON and OFF thresholds
prevents rapid pump cycling when the two temperatures approach one another.
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Figure 8. Flowcharts of the four control mechanisms utilized for the loops in the proposed HRES:
(a) Electrical power loop controller; (b) solar heating loop controller; (c) absorption cooling and
space heating loops controller; (d) domestic hot water production loop controller.
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Since the building cooling loads and space heating loads depend on the atmospheric
conditions, it is possible to run both the absorption cooling loop and the space heating loop
using a diverter valve. The control scheme for these space comfort loops therefore considers
the building cooling and space heating loops. The thermal-comfort controller therefore
receives the cooling load Qc and the space-heating load Qh from their respective TRNSYS
load-data readers. A positive load (Q > 0) constitutes an active demand request. Because
the cooling demand represents useful cooling output, whereas the storage tank supplies
generator heat to the absorption chiller, the cooling demand is converted to its generator-
side thermal requirement according to Q. ;, = Q./COP. The cooling branch is enabled
only when Qc > 0 and the required generator-temperature operating range of 75-95 °C is
satisfied. Four thermal-comfort operating states are implemented. When Qc = Qh = 0, both
comfort branches remain inactive. When Qc > 0, Qh = 0, and the generator-temperature
criterion is satisfied, the available comfort-loop thermal flow is directed to the absorption
chiller. Conversely, when Qc = 0 and Qh > 0, the available useful thermal flow is directed
to the space-heating branch. When cooling and heating demands occur simultaneously
and the absorption-chiller temperature criterion is satisfied, the available hot-water flow
is distributed according to the instantaneous thermal requirements. The defined cooling
and heating weighting factors are w. = Q. ;,/Q. s + Qp and wy, = Q,,/Q. y + Qy, Where
w, + wy, = 1. The corresponding mass-flow rates are #i1, = w_tit,,,; and 11, = WM.
These equations were implemented using a TRNSYS Equation component connected to the
flow-diverter valve, with the function defined as Y = 71, , /11;,. Outlet 1 is assigned to the
absorption cooling loop, imposing Y = w,, while the complementary fraction1 — Y = w,
is channeled to the space-heating loop. This joint control mechanism for the absorption
chiller loop and space heating loop making use of diverter valve helps in prioritizing the
required loop for the thermal energy based on real-time building demands. The control
strategy employed at the domestic hot water production loop uses a temperature differential
controller (TRNSYS Typel65b) alongside tempering valve (a flow diverter—Typellb in
TRNSYS) and tee-piece (a flow mixer—Typellh in TRNSYS) in order to achieve a hot water
delivery-set point temperature of 45 °C for domestic purposes. A detailed description of
this configuration has been provided under Section 4.5. The differential controller in the
DHW production loop therefore controls the DHW variable pump located between the
main storage tank and the DHW tank in recirculating the heated water back into the main
tank. With this arrangement, the heat transfer is modulated to sustain a stable 45 °C supply.
The flowcharts of the four control strategies utilized for the loops in the proposed HRES are
depicted in Figure 8.

5. Dynamic Modelling and Analysis

The assumptions considered in the system modelling and the energy and exergy
analysis of the system are presented in this section. The dynamic simulation of the proposed
system has been carried out in TRNSYS software. The energy, exergy, and economic analysis
of the system have therefore been carried out. This makes it possible to examine the impacts
of the major system components and their variables on system performance.

5.1. Assumptions

In the modelling process, for simplification of the thermodynamic simulation of the
proposed hybrid renewable energy system, some appropriate assumptions are consid-
ered. The constraints and assumptions considered throughout this study are therefore
presented here:
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e  The thermal properties and optical performance of the different PVT layers, as well as
all thermal components within the system, have been assumed to remain unchanged
since their performance hardly varies within the operating conditions [45,46].

e  Heat transfer property changes or phase changes of all components is considered to be
negligible [47,48].

e  The hot water storage tank is fully layered [45].

e  Except for the use of pumps and flow diverters, pressure fluctuations in the piping
system of the hybrid RES are neglected [49].

e In the case of the wind turbine unit, the wind flow is considered to be uni-dimensional
and incompressible [48].

5.2. Energy Analysis

The energy analysis of the hybrid renewable energy system components has been
performed under dynamic operating conditions using the time-varying ambient conditions
provided by Antalya TMY weather data. An adopted reference temperature of 20 °C is used
in the analytical thermodynamic formulation and should not be interpreted as a constant
ambient temperature imposed throughout the annual TRNSYS simulation. The governing
mathematical expressions, based on the first law of thermodynamics, are provided in this
section. The schematic diagram in Figure 9 shows the system components considered for
the analysis. The energy balance equation can be written as given below [45].

Q - W = Z mouthout - Z minhin (3)

where Q and W represent the rate of thermal energy and the rate of work done, respectively.

Battery

Electrical load

Dhw tank

K

T MAINS
suppLY

Hot water supply

Figure 9. Schematic diagram of the proposed HRES for the first and second laws of thermodynam-
ics analysis.

5.2.1. Wind Turbine Unit

Wind energy is a type of kinetic energy due to an air mass m flowing at a speed V.
In carrying out the energy analysis of a wind turbine system, the air mass flow’s kinetic

energy is given as
1
E= EmV2 (4)

where m is mass and V is velocity. This may be expressed as given in Equation (5), [50]:

1
E = 5pAtV? (5)
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where p is density of air, A is rotor swept area, and t is the time interval considered. Given
that the flow of air mass to the wind turbine rotor per unit time is 71, application of the
basic momentum theory gives the rate of change in momentum to be equal to the product
of overall velocity change and the mass flow rate 11, as expressed below:

M = m(Vy—V,) (6)

where V; and V, stand for the upwind and downwind speeds respectively. The power
absorbed by the wind turbine can therefore be expressed as [51]:

P =m(V; - VZ)Vavg (7)

where Vavg is the average flow speed at the wind turbine rotor and equals to (V; + V,)/2.
The rate of kinetic energy change of the wind flow is expressed as

.1
E= §m(V12 -V, (8)
according to the energy conservation theory, Equations (7) and (8) are equal and therefore
result in .
Vavg = E(Vl + VZ) (9a)
Vl - Vavg = Vavg — V2 (9b)

it is considered that the direction of the wind flow to the turbine hub is axial with a uniform
flow velocity. Subsequently, the rotor power can be calculated as

P =pA(V; - V2>Vazvg (10)
Equation (9) can be further reduced to [52]

pAV3

P= Tl[(1+oc)(1—oc2)] (11a)
AV3
p=? G (11b)

where a = V,/V; and Cp = (1 + a) (1 — a?). The wind-power expression incorporates the
conventional kinetic energy factor of 0.5, while Cp denotes the dimensionless rotor power
coefficient, defined as the ratio of extracted mechanical power to the available wind power,

which is
Pwr 2Py

C. = =
P 05pAVE  pAVS

From differentiation, it is obvious that the power P will attain the maximum value

(11c)

when a = %, that is, when the final wind velocity V, is equal to one third of the upwind
velocity V;. Therefore, under the axial-flow conditions, the theoretical maximum power
coefficient is obtained as Cp = ;—? ~ 0.593 and is referred to as the Lanchester—Betz
limit [53]. It represents the ideal Betz limit. The energy efficiency for the wind turbine is

expressed as [54,55]

W
;7 — E out (12)
wind,in

where W, represents the useful work output and E,;, ;, is the overall energy input.
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5.2.2. Solar PVT Unit

By considering the first law of thermodynamics, the expression for energy balance of a
PVT system can be written as [56]

Z Ein = Z E.:loss + Z Eout (13)

where E;, and E,,, represent the input and output energy rates, respectively, and Ej,
represents the rate of energy losses, which is given in Equation (14) as

Z ElOSS = Qloss,md + Qloss,conv + Qloss,friction (14)

where Q, . ;and Q, . ... are heat loss rate by radiation and convection, respectively, and
Quose friction 15 €nergy loss due to friction. Equation (14) can therefore be expressed as

Emass,in + Esol = Z Eloss + Eelect + Emnss,out (15)

where E, is the incident solar radiation expressed as the product of the glass cover transmis-
sivity (), the cell absorptivity (a), and solar radiation flux (G), as shown in Equation (16).

Esol:Geﬂr:TXtXXG (16)

where Geﬁ( is the effective solar irradiation in Watts. The useful heat energy transfer rate for
a PVT system is the heat absorbed by the cooling fluid from the PVT collector and can be
obtained from Equation (16) below:

Eth = Emass,out - Emass,in = mcp(Tf,out - Tf,in) (17)

where 11, ¢,, and (Tj,, — Tj;,) represent the cooling fluid mass flow rate, specific heat

capacity, and the cooling fluid temperature difference. Therefore, Equation (16) gives
Ey = mBCp(Tl —T3) (18)
The rate of electrical energy produced by solar PVT panels is given by [56]
Evtect = VoelooF (19)

where V, I, and F represent the open circuit voltage, the short circuit current, and the
PV panel’s fill factor under standard test conditions. The total power of the PVT panel is
therefore expressed as

Etotal = Eth + Eelect (20)

Since a PVT collector has both thermal and electrical efficiencies, both efficiencies are given
by Equation (21) and Equation (22), respectively, as [56]

Eth Emuss,out - Enmss,in

Mh=%—= ~ (21)
Esol Esol

E. elect V oclscl
Tetet Eqo TxaxG (22)

5.2.3. Absorption, DHW, and Cooling Unit

Based on the formulation of the energy balance for different parts of the proposed
HRES using Equation (3) given above, the energy balance equations for the components
of the absorption, DHW, and cooling units are expressed in this section. The summary of
these energy relations for the proposed system’s components is shown in Table 7.
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Table 7. Energy balances for the various components of the proposed HRES.
Component Energy Balance Equation
Pump I Wy = rity (hy — B3)
Pump II Wy = tity; (hyy — hyy)
Pump I Wy = titg(hg — hy)
Pump IV Wy = %s(hm — hyy)
Pump V _ Wy = tityy (hyy = hy3)
Storage tank W ume = 1hy + titshs — rin,h, — tinghy
Absorption chiller Qe = 117(hy — hg) = tityg(hyy — hyg)
Cooling coil - Qccar = ’ﬁg (he — hlo) = mlg(hlz - hlg)
DHW tank W Do Tank = m21h21A + m24h2§ - mzzhzzA — Tityghg
Flow diverter QMH,HS'SWply = tityghyy + titgshys — tityshy;
Flow mixer I Qpiwont = Masltas + Tityghyg
Flow mixer II tityhag = tityyhyy + 1ty hy;
Flow mixer III ' tishs = tityghyg + tiipshys
Heating unit Qbteatamit = M5 (s — hyg) = titg(hyg — o)
Diverter valve titghe = titzhy + 1iy5hy

5.3. Exergy Analysis

The exergy of a system represents the maximum amount of useful work that can be
obtained from the system when in equilibrium with its surroundings. According to the
second law of thermodynamics, exergy analysis represents an alternative useful tool in
the design and analysis of various energy systems, which include both renewable and
conventional energy systems as well as hybrid systems. In carrying out the exergy analysis
for a system, the exergy balance equation for a component can be written as [57]

EF :EP+EL+ED (23)

where Ep, Ep, E;, and E, represent the fuel exergy rate, product exergy rate, exergy loss
rate, and the rate of exergy destruction, respectively. The general exergy balance can also be

Z Exin - Z Exout = Z ExD (24)

expressed as [58]

This can be expanded to give
ExQ — Exw + Exmass,m — Exmussrout = ExD (25)
Since the exergy rate can be expressed as
E = rite (26)

where 711 represents mass flow rate and e is the exergy, the exergy balance can therefore
finally be expressed as [59]

ExQ - ExW = Z mouteout - Z minein + ExD (27)

where ExQ, Exyy, and Exp represent the thermal exergy, work exergy, and the exergy
destruction, respectively.

5.3.1. Wind Turbine Unit

Since the total exergy of a flow with unit mass usually consists of the potential, kinetic,
chemical, and physical parts, in carrying out the exergy analysis of a wind turbine system,
both the potential and chemical exergies are negligible. Therefore, the total exergy for a
wind turbine is reduced to the sum of the kinetic exergy and the physical exergy components
and is expressed as

Ex = Ex;, + Ex,, (28)
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For negligible potential energy change and negligible inlet physical/chemical exergy relative
to the ambient state, the incoming wind exergy is essentially its kinetic energy rate and is
expressed in Equation (29) as

‘ 1
Exwind,in = zmvlz (29)
Additionally, the useful turbine exergy output is the electrical power, so that
ExWT,out = Welect (30)
Hence,
Exp = Exwind,in - Welect - Exwind,out (31)
where explicitly considering the residual downstream kinetic energy gives
. 1.
Exwind,out = Emvzz (32)
The exergy efficiency can consequently be expressed as [54,55]
Welect Wout
= dect _ out 33
UEX,WT Exwind,in Exi” ( )

where the electrical power (W,,.;) represents the useful work output, and the available
incoming wind kinetic exergy is treated as the exergy input.

5.3.2. Solar PVT Unit
The exergy balance for a PVT collector is generally expressed as [60]

Z Exin - Z Exloss = Z Exout (34)
Equation (34) can therefore be expressed as
Exmass,in + Exsol = Z ExD + Exelect + Exmass,out (35)

where Exp, and Ex,,, represent the rate of exergy destruction and the rate of input exergy
supplied by the sun. The variation in mass flow rate exergy and rate of input exergy from
the sun are expressed, respectively, by Equations (36) and (37):

AExmass = Exmass,out - Exmass,in = mf(l)bout - I)Din) (36)
. . T
Ex,,; = G(l - ) (37)
Tsol

where T, and T, represent the environmental reference temperature and the sun’s temper-
ature, respectively.
The overall exergy rate of a PVT collector can therefore be expressed as

Extotul = Exth + Exelect (38)

where the electrical exergy of a PVT collector, Ex,,, equals the rate of electrical energy
generated by the solar PVT panels, that is, Egj [61].
The exergy efficiencies of a PVT collector consist of both thermal exergy efficiency
and electrical exergy efficiency, which are expressed by Equation (39) and Equation (40),
respectively, as [56]
Exth _ Exmass,out - Exmass,in

Hex,th = = = ; (39)
“ Exsol G(l — ;:i)
E Vol .F

Uex,elect = Zeled = x= (40)

Exsol - G(l - ITO>

sol

The overall exergy efficiency for a PVT collector is therefore the summation of 7,, 4,

and Uex,elect .
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5.3.3. Absorption, DHW, and Cooling Unit

In this section, the exergy balance equations for the components of the absorption
chiller, DHW, and cooling units are expressed. The summary of these exergy relations for
the proposed hybrid RES components is seen in Table 8.

Table 8. Exergy balances for the various components of the proposed HRES.

Component Exergy Balance Equation
Pump I Expp = (Ex, — Ex3) + Wy,
Pump 1T Exppy = (Exyy — Expp) + Wy
Pump III Exppir = (Exg — Exg) + Wy
Pump IV Exppv = (Exm - Ex17) + Wpyy
Pump V Exppy = (Exp — Exy) + Wpy
Storage tank Exp gtk = Ex + Exs — Ex; — Exy — W i
Absorption chiller Exp o = (Ex; — Exg) + (Exyg — Exyy)
Cooling coil Exp ccon = (Exo — Exyy) + (Exyp — Exy3)
DHW tank Exp pi. tank = EXo1 + EXpy — EXyp — EXpg — Wppy 1unk
Flow diverter EXp piow Diverter = EXo7 — (Expy + Exps)
Flow mixer I EXD Fiow Mixert = EXp5 + EXpg — Qi out
Flow mixer II EXp Frowmivertt = EX12 + Exq7 — EXyg
Flow mixer IIT ExD,FZUw_MixE,m = Exyy + Exy; — Exs
Heating unit Exp peatamit = (Exy5 — Exy) + (Exyg — Exyg)
Diverter valve EXp piverter.vawe = EX7 + EX15 — Exg

The first law efficiency for the proposed HRES can therefore be defined as follows:

_ Wm’t + Qcooling + Qheuting + Qth

= (41)
sz’nd,in + Qsol

where Qwind,m and Q_, is the overall wind energy input and the incident solar radiation,
respectively. Additionally, the overall net power (W,,,,), the cooling capacity (Q,,.;;, o), and

the heating capacity (Q,,.,., .) are given as follows:
Wnet = vat,totul + WSt.Tunk - WPI - WPH_WPIH - WPIV - WPV (42)
Qeooling = 11111 (1 = ha) (43)
Qheating = tinyg (Mg — ) (44)

Similarly, the second law efficiency for the proposed HRES is expressed as follows:

Wnet + Excaoling + Exheating + Ewah

M = - g (45)
Exwind,in + Exsol

where Ex,;,; ;, and Ex,, represent the overall wind exergy input and the rate of input exergy
from the sun, respectively. Additionally, Exwo,mg and Exheatmg can be expressed as

Excooling = (Ex13 - Ex14) (46)

Exheating = (Ex18 - E3‘-19) (47)

6. Results and Analysis

The analysis of system parameters like temperatures, energy, hot water supply, and a
few others, such as the economic metrics of Levelized Cost of Energy (LCOE) and payback
period, has been performed for the designed hybrid multigeneration renewable energy
system. The dynamic simulation of the system from the TRNSYS environment was run
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under the meteorological data of Antalya in the Mediterranean part of Turkey, with the
simulation time step set to one hour, and the results were obtained. For easy interpretation of
the results, besides the annual graphical representations, monthly and daily representations
are also presented where necessary.

6.1. Performance Analysis

Figure 10 shows the annual temperature ranges of the output fluid from the PVT
panels. As a result of the solar potential of the location considered (Antalya, Turkey),
the PVT is able to supply the needed heat to the fluid. The fluid is heated up to higher
temperatures above 90 °C on some days, as can be seen. The PVT working fluid is water, and
the occasional outlet temperatures approaching 100 °C under high solar irradiation highlight
the importance of adequate circulation in mitigating potential boiling and stagnation risks.
Furthermore, elevated operating temperatures may adversely affect PVT electrical efficiency,
emphasizing the importance of effective thermal management during system operation.
The PVT generates both thermal and electrical energies. The total electrical and thermal
energies produced by the HRES for each month are shown in Table 7. The overall electric
energy produced is the addition of the electrical energy produced by the PVT and energy
produced by the wind turbine.
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Figure 10. PVT output fluid temperatures for a year.

Figure 11 shows the annual output temperature of the thermal storage tank and the
temperature of the DHW outlet. Variation of the averaged temperature is between 45 °C
and 95 °C. This variation of the outlet temperature from the storage tank is dependent
upon the seasons in the region, with the highest temperatures occurring in the months of
June and July. The DHW temperature has been set to maintain a constant temperature of
45 °C by utilizing a configuration that includes flow diverter, flow mixer, and a controller in
the DHW production loop. The months with the notable highest daily temperatures and
radiation from the sun are the summer months of June, July, and August.
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Figure 11. Storage tank and DHW outlet temperatures.

The PVT generates 79.73% of the electricity produced within the system. As seen in
Figure 12, the highest electrical generation from the PVT occurs in July (with a value of
299.02 kWh); that is, the month with the highest radiation from the Sun. That goes for the
month of January for the wind turbine, with a value of 69.41 kWh. The minimum monthly
electrical energy production from both renewable sources occurs in December and August,
respectively, with the values of 74.92 kWh and 34.91 kWh, respectively.
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Figure 12. Electrical production by the PVT and wind turbine in different months of the year.

Figure 13 shows the amount of electrical energy generated by the system and the elec-
trical demand for the different months of the year. It reveals that the proposed HRES is able
to fully meet the electrical demand of the single-family residential building for the months
of April till September; that is, six months. This demonstrates the high solar radiation
of Antalya during these months of the year. Surpluses are stored in the electrical battery
during the day to be used as the need arises. The minimum total electricity production is
recorded for the month of December (at 131.87 kWh).
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Figure 13. Total electricity generation and electrical load.
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The designed hybrid renewable energy multigeneration system from the dynamic
TRNSYS environment is also able to give thermal comfort through the production of both
cooling energy and space heating by the absorption cooling loop and the space heating
loop respectively. These loops are able to supply the space cooling and heating needs of the
residential building situated in Antalya, Turkey. The thermal energy required in the system
is produced from the PVT modules and it is this energy that supplies the heat required by
the absorption chiller for cooling effect, the heating unit for space heating, and the domestic
hot water production unit for the supply of hot water for residential use. The thermal
energy delivery by the HRES for the different months of the year is shown in Figure 14.

Thermal Energy Delivery in Different Months of the Year

Jan. Feb. Mar. Apr. May Jun. Jul. Auwg Sep. Oct. MNov. Dec.
Months

Thermal Energy (kWh)
S EE888 8

=]

Figure 14. Monthly thermal energy delivered by the PVT.

A yearly thermal energy delivery of 6916.652 kWh is obtained from the proposed hybrid
multigeneration system. The cooling demand for the single-family residential building has
been presented in Figure 5 above. The system is therefore able to meet the cooling energy
requirements of the building for the whole year with an annual production of 3027.083 kWh
of cooling energy through the absorption chiller (Figure 15). This production is able to
satisfy the 2842.01 kWh annual cooling demands of the building.

Cooling Energy Production for Different Months of the Year

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep.
Month

Energy (kWh)
os§E§E§E§§§

Dec.

Figure 15. System’s cooling production for different months of the year.

Table 9 shows the various energy production and delivery by the HRES over a year
period to meet the various energy needs of the residential building.

Table 10 shows the generated electrical and thermal energies by the PVT and WT
sources for each of the month in a year.

Considering the electrical energy demand of the residential building, the annual
generation by the proposed system is 2730.46 kWh. The energy generated by the system,
therefore, lacks 124.84 kWh of electrical energy to completely meet the electrical demand
of the residential building. This is in contrast with the cooling energy generation from
the absorption cooling loop, which is able to completely satisfy the 2842.01 kWh cooling
loads of the residential building. Additionally, the annual thermal energy supplied to the
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space-heating unit (179.800 kWh) is able to satisfy the 146.0304 kWh space-heating demand
which occurs during the winter months. The measured annual thermal energy delivered to
the domestic hot water tap is 2062.710 kWh, while the annual thermal energy supplied to
the domestic hot water unit is 2372.117 kWh. The hybrid multigeneration system is therefore
able to have a coverage ratio of 95.63% of the building electricity demand, while completely
meeting the building’s cooling and space heating loads and satisfying the hot water needs
of the occupants.

Table 9. Energy production/delivery by the proposed HRES over one year period.

S/N Parameter Energy (kWh) Unit
Total electrical energy produced by both
1 PVT and WT 2730.462 kWh
2 Thermal energy delivery by PVT 6916.652 kWh
3 Cooling energy produced from absorption 3027.083 KWh
cooling loop
4 Thermal energy dehvery to domestic hot 2372117 KWh
water unit
5 Thermal energy dei\iie;ry to space-heating 179.800 Wh

Table 10. Electrical energy and thermal energy produced by both PVT and WT energy sources for
each month of the year.

S/N Month Total Electrical Energy (kWh) Thermal Energy (kWh)
1 January 153.62 520.9247
2 February 158.93 504.2251
3 March 215.65 574.3323
4 April 249.13 516.8372
5 May 299.08 620.4044
6 June 329.46 619.8128
7 July 336.74 652.2805
8 August 295.74 665.0184
9 September 245.99 595.6883
10 October 181.02 588.3356
11 November 133.23 541.4742
12 December 131.87 517.3182

Considering the thermal subsystem, the thermal energy from the PVT is delivered to
the absorption cooling loop, space-heating loop, and domestic hot water unit. Therefore,
the annual thermal energy delivery from the PVT can be expressed as

QPVT,th = Qgen,input + QSH,input + QDHW,input + Qresidmzl (48)

where Qspinputs QoEwW,imputs AN Qpesiguar, Tepresent the thermal energy delivery to space-
heating unit, thermal energy delivery to domestic hot water unit, and residual thermal
losses. Qe input represents the real thermal energy supplied to the absorption chiller, and it
is expressed as

Qcool,produced

Qgen,input = COP (49)

where Q ool produced 18 the cooling energy produced from the absorption cooling loop and
COP is the absorption chiller’s Coefficient of Performance. Therefore,

3027.083

Quen,imput = —g 7z~ = 4090653 kWh/year

Using Equation (12),
6916.652 = 4090.653 + 179.800 + 2372.117 + Q,sigual

https://doi.org/10.3390/su182111335


https://doi.org/10.3390/su182111335

Sustainability 2026, 18, 11335

30 of 46

Qesidual = 274.082 kWh/year, which stands for the residual thermal losses or unutilized
thermal energy. Table 11 shows the system’s thermal energy distribution.

Table 11. Annual thermal energy delivery by the system.

Thermal Branch Thermal Input (kWh/yr) Useful Delivery (kWh/yr)
Absorption cooling Qgen,input = 4090.653 Qeooting = 3027.083
Domestic hot water QpHwW imput = 2372117 QbW useut = 2062.710

Space-heating Qs imput = 179.800 Qs useful = 146.0304

6.2. Parametric Analysis

To assess the influence of key design variables on the performance of the proposed hy-
brid renewable energy multigeneration system, selected variables of the baseline model were
varied independently through a series of TRNSYS simulations. This one-factor-at-a-time
parametric analysis was used to identify the parameter values associated with improved
system performance within the investigated ranges, particularly increased electricity produc-
tion while avoiding excessive system sizing. A number of ten different cases are therefore
examined, varying the values of four key variables from the base model, which are the total
area, inclination angle, and mass flow rate of the solar collector, and the capacity of the main
storage tank. Results indicate that increasing the PVT collector area significantly improves
electrical energy generation, whereas variations in collector inclination, mass flow rate, and
storage volume have negligible effects on electrical output within the investigated ranges.
Conversely, reducing the thermal-storage volume generally improves thermal energy deliv-
ery, with a particularly pronounced increase for volumes below 5 m?, suggesting improved
thermal utilization and reduced storage-related losses. This can be seen in Table 12 and
Figure 16.

Table 12. Annual productions table of the parametric simulations.

L. Total Electrical Thermal Ener Cooling Ener
S/N Case Description Energy (kWh) (kWh 8y (k{g'Vh) 8y

Base Model Base Design (16 m?, 45°, 200 kg/h, 2 m?) 2730.489 6916.652 3027.083
Case Tank Volume = 4 m® 2730.503 6384.760 3011.704
Case Il Tank Volume = 8 m3 2730.462 5317.925 2096.352
Case III Tank Volume = 12 m® 2730.584 5389.627 3002.946
Case IV Col. Mass Flow Rate = 400 kg/h 2730.489 6916.652 3027.083
CaseV Col. Mass Flow Rate = 1200 kg/h 2730.489 6916.652 3027.083
Case VI Col. Area = 18 m? 3002.631 6983.07 3039.535
Case VII Col. Area = 20 m? 3274.730 7004.711 3052.044
Case VIII Col. Slope = 20° 2730.470 6907.636 3024.287
Case IX Col. Slope = 30° 2730.505 6928.292 3027.339
Case X Col. Slope = 50° 2730.470 6883.657 3021.142

The collector mass flow rate showed no observable influence on the simulated energy
outputs, while variations in collector inclination produced only minor changes. Case VII,
corresponding to a 20 m? PVT collector area, achieved the highest electrical, thermal, and
cooling energy production of 3274.730, 7004.711, and 3052.044 kWh/year, respectively,
and was therefore selected as the best-performing configuration among the investigated
parametric cases. The configuration presented in Table 13 therefore represents the selected
parametric design for the proposed HRES.
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Figure 16. Annual energy productions from the parametric simulations.
Table 13. Best-performing parametric case from the parametric analysis.
- Total Electrical Thermal Energy Cooling Energy
Instances Case Description Energy (kWh) (kWh (kWh)
Base Model Base Design (16 m?, 45°, 200 kg/h, 2 m?) 2730.489 6916.652 3027.083
Case VII Col. Area =20 m? 3274.730 7004.711 3052.044

6.3. Validation

Due to the fact that the proposed HRES in its configuration and equipment capacities,
as well as the climatic condition considered, has not been reported so far, it is actually
impossible to validate the entire work cycle with its different subsystems. The performance
of the principal components within the subsystems, which are the PVT and the absorption
chiller, was therefore validated against published literature data. For the absorption chiller,
the COP of the 11 kW capacity LiBr-H,O model used in the present study is 0.74 at a generator
temperature of 75 °C, compared with the 10 kW residential LiBr-H,O system reported by
Salemeh et al. (2022) [62], which achieved a COP of 0.79 at 100 °C. Both systems were
modeled using TRNSYS and serve residential applications, indicating reasonable agreement
considering the difference in generator operating temperature. Table 14 shows the result
comparison of both studies.

Table 14. Absorption chiller validation with results from Salameh et al. [62].

Parameters Present Study Reference Study
Working pair LiBr_H,O LiBr_H,O
Rated capacity (kW) 11 10 kW house
T_gen (°C) 75 100
CcopP 0.74 0.79
Application context Residential Residential
Modeling platform TRNSYS TRNSYS

The PVT model was further compared with the experimental results of Lammle et al.
(2018) [63], yielding annual electrical and thermal outputs of 170.65 and 432.29 kWh/ (m?-year),
respectively, compared with the reported values of 159 and 445 kWh/(m?-year) (Table 15).
The corresponding deviations of 7.33% for electrical yield and 2.86% for thermal yield indi-
cate reasonable agreement with the experimental reference data, supporting the credibility
of the adopted PVT model under the evaluated conditions. However, these component-
level comparisons do not constitute comprehensive experimental validation of the inte-
grated HRES.
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Table 15. PVT validation with results from Lammle et al. [63].
Parameters Present Study Reference Study Deviation
Electrical yield o
(KWh/mZ.yr) 170.65 159 7.33%
Thermal yield o
(KWh/mZ.yr) 432.29 445 2.86%
Application context Residential Residential -
Modeling platform TRNSYS Experimental -

6.4. Economic Analysis

In order to perform the economic analysis of the proposed HRES in this study, the
capital expenditure (which covers the purchase of equipment and installation costs) is
first computed. Subsequently, the operational and maintenance expenditure (OPMEX)
is obtained as well as other vital economic metrics such as the Net Present Value (NPV),
payback period, and Levelized Cost of Energy (LCOE). In this section, it is assumed that
all equipment in the system has a lifespan of 20 years with no salvage value. The HRES
components and capital expenditures are shown in Table 16.

Table 16. Proposed HRES capital expenditure.

Item No Item Description Cost per Unit No of Units Cost of Item ($) Ref.
1 PVT panels (0.275 kWp) $1500/kWp 11 4537.5 [64]
2 Battery Storage (250 Ah @ 12V) $300/unit 2 600 [65]
3 Wind Turbine (0.5 kWp) $3000/kWp 1 1500 [64]
4 Inverter $1000 1 1000 [64]
5 Absorption Chiller (11 kWp) $350/kWp 1 3850 [66]
6 Thermal Storage (2 m®) $220/m?® 1 440 [67]
7 DHW Tank (0.5 m?) $220/m3 1 110 [67]
8 Pumps, Valves and Controls - - 1650 -
9 Heating Exchanger $825 1 825 [68]
10 Miscellaneous & Installation 20% total - 2902.5 -

Overall CAPEX - - 17,415 -

In order to obtain the estimate for the OPMEX, the fixed maintenance cost is taken
as 4% of CAPEX, which is $696.6 per year. Additionally, the energy cost for pumping and
control operation is approximately $200 per year. Battery replacement is assumed to be
carried out every 4 years. The initial battery bank costs $600 (two units at $300 each). With
a four-year replacement interval and a 20-year project life, the bank is replaced at the end
of years 4, 8, 12, and 16. The four replacements cost $2400 in total, giving a simple annual
average replacement cost of $120/year ($2400 + 20 years). The annual overall Operation
and Maintenance Expenditure for the proposed system is therefore

QOvwerall annual OPMEX = 696.6 + 200 + 120 = $1016.6

The cost assumptions in this study are based on small-scale, commercially available
component data rather than large-scale references. Small-scale hybrid renewable energy
systems generally exhibit higher specific costs (per kWh or per kW) than large-scale systems
due to limited economies of scale. The selection of reference energy systems is dictated
by the stand-alone configuration of the proposed hybrid renewable energy system, which
is not connected to the electricity grid or natural gas network. Accordingly, diesel-based
generation is adopted as the conventional reference for electricity and cooling, representing
a diesel generator supplying the cooling unit. For space heating and domestic hot water,
LPG-fired boilers and water heaters are used as the reference, consistent with common
off-grid heating solutions in remote areas of Turkey where natural gas infrastructure is
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absent. Representative unit costs of 0.45 $/kWh for diesel-based electricity and cooling, and
0.14 $/kWh for LPG-based space heating and domestic hot water are assumed based on
typical off-grid fuel prices and conversion efficiencies in Turkey. These assumptions ensure
that the calculated energy-cost savings correspond to realistic conventional alternatives for
stand-alone applications in Antalya, Turkey.

The energy cost savings for the proposed system, with electricity generation of
2730.462 kWh/yr, cooling energy production of 3027.083 kWh/yr, useful space heating
delivery of 146.0304 kWh/yr, and domestic hot water production of 2062.710 kWh/year at
diesel generator cost of $0.45/kWh and LPG/propane boiler cost of 0.14 kWh/year there-
fore gives monetary values of $1228.708, $1362.187, and $20.444 kWh/year and $288.779,
respectively. This summed up to an overall energy savings value of $2900.12/year.

The Payback Period is calculated from the expression

CAPEX

Payback Period = Savings — OPMEX

(50)

The system’s Payback Period is therefore estimated as

CAPEX _ 17,415
Savings — OPMEX ~ 3821.917 — 1134.4

Payback Period = ~ 9.3 years

In order to find the NPV and LCOE estimates for the proposed system, Equations (47)
and (50) are utilized.

Savings — OPMEX)

t — CAPEX (51)
(1+ DR)

N
NPV = Z (Energy
=1

where N is the system’s lifetime assumed as 20 years for this study, and DR is the discount
rate taken as 8%, which represents the generally used conventional rate [69]. Therefore,
20 (2900.118 — 1016.6)

NPV =) " Troos 17,415

NPV = +$1077.66

In order to calculate the LCOE, the system’s overall useful energy output per year is

Total useful output energy/year = 2730.462 + 3027.083 + 146.030 + 2062.710 = 79 66.285 kWh

Unlike conventional electricity-only renewable systems, the proposed hybrid renew-
able multigeneration system simultaneously delivers four useful energy services, which
are electricity, cooling, space heating, and domestic hot water. Accordingly, the LCOE is
computed using the total annual useful energy delivered by the HRES, which represents
the overall cost of supplying integrated energy services rather than only electrical output.
Therefore, the LCOE is obtained as

LCOE = Total Life Cycle Cost

~ Total Energy Output (52)

(17,415 + 20 x 1016.6)
LCOE = 20 % 7966285 = $0.237/kWh
The reported LCOE therefore represents a system-level useful-energy LCOE, an ag-
gregate multigeneration cost metric rather than a conventional electrical LCOE. The HRES
has demonstrated a strong economic viability. Despite inflationary pressures in Turkey,
which also affect the costs of renewable energy components, a drop in costs through the
provision of stronger incentives for these renewable energy components by the government

will further bring down the initial cost of HRESs, making the system economically attractive.
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There already exists a unique renewable energy support mechanism (YEKDEM-2023) in
Turkey, which supports increased investments in local manufacturing of renewable energy
components, with its attendant benefit of cost reduction [70]. The application of renewable
subsidies in diverse forms will encourage the increased utilization of RE, improve Turkey’s
carbon footprint, and also significantly lower capital expenditure for renewable energy
systems in the country.

The utilization of renewable energy systems to meet buildings’ energy demands sig-
nificantly contributes to the avoidance of CO,, just similar to other sectors. This is achieved
by displacing fossil-fuel energy sources such as diesel, liquefied petroleum gas, and natural
gas, as well as high-emission grid electricity. Avoiding all these, with their elevated carbon
intensity attribute, offers greater environmental benefits. For this study, the avoided op-
erational emissions are calculated using separate conventional reference systems for each
energy service and accounting for the corresponding conversion efficiencies. Diesel-based
generation was selected as the reference for electricity, while a diesel-fired boiler supplying
thermal energy to a single-effect LiBr-H,O absorption chiller was used as the reference for
cooling. LPG-fired systems were selected as the reference for domestic hot water and space
heating. The useful cooling energy, Q. produces = 3027.083 kWh/year, with the absorption
chiller thermal input, ng = 3027.083/0.74 = 4090.653 kWh/year. The annual avoided
emissions are therefore calculated as

E Qgen QDHW QSH
EFdiesel + EPdiesel + EFLPG + EFLPG (53)
Wdiesel,gen Udiesel,boiler Uldde NrpG

where Udiesel,gen = 0.35, Naiesel oiler = 0.85, e = 0.90, EFdiesel = 0.267 kg COZ/kthuell and
EF;p; = 0.227 kg CO, /kWhy,o [71,72]. Therefore, using Equation (53), the corresponding
annual avoided emissions are 2082.95, 1284.95, 520.26, and 36.83 kg CO, /year for electric-
ity, cooling, domestic hot water, and space heating, respectively. Thus, the total avoided

elect

MCOZ,uvoided =

CO, emissions are 3924.99 kg CO, /year, corresponding to approximately 78,500 kg CO,,
throughout the system’s lifespan.

The current environmental assessment focuses on avoided operational emissions, de-
fined as the CO, emissions displaced by the useful annual energy delivered to the household
by the proposed hybrid renewable energy system, relative to defined conventional reference
systems. Embodied emissions associated with the manufacture, transport, installation,
maintenance, and end-of-life of system components (e.g., PV modules, batteries, absorption
chiller, storage tanks, and piping) are not included in the present analysis. A full life-cycle
assessment (LCA) would be required to quantify these additional impacts. The reported
value of approximately 3925 kg CO, /year (which amounts to approximately 78,500 kg CO,
over 20 years) therefore represents operational-emission avoidance under a full-utilization
assumption and should be interpreted as a lower-bound estimate of the system’s environ-
mental benefit, since the embodied emissions of the renewable components would partially
offset this benefit. In the Mediterranean climate of Antalya, passive night-time cooling
can be particularly effective when reduction of daytime cooling loads is concerned. Such
demand-side measures would further enhance the net environmental benefit of the pro-
posed system, although their quantification requires a detailed building-level simulation
and life-cycle assessment beyond the scope of the present study. Similarly, a conventional
alternative such as an air-source heat pump combined with a standard PV array after a
low-impact retrofit could achieve comparable or lower total emissions in some scenarios,
depending on the specific assumptions regarding system efficiencies, embodied carbon, and
grid decarbonization. However, the proposed multigeneration system offers the additional
advantage of simultaneously supplying electricity, cooling, domestic hot water, and space
heating from a single integrated renewable platform, which may provide operational and
resilience benefits not captured by a single-technology comparison.
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6.5. System Optimization

The primary goal of system optimization is the enhancement of the proposed HRES
while also ensuring cost minimization, zero or reduced dependency on grid power genera-
tion, and reduced carbon emissions. The complexity in modeling as well as implementation
of HRES integrated with energy storage systems has underscored the significance of inclu-
sion of optimization strategy vital for the optimal sizing of the system’s components [73].
This ensures reliable and efficient HRES that are able to sustainably and efficiently meet the
intended energy requirements. This study uses Multi-Objective Particle Swarm Optimiza-
tion (MOPSO) tool as a reliable and flexible technique for optimizing the components of
the system. This optimization technique has been employed by several researchers for the
provision of reliable solutions to the complex issue of the determination of appropriate size
for solar-wind hybrid energy systems, thereby effectively optimizing the capacity of solar
panels, wind turbines, and energy storage devices present within the system for optimal
performance and output generation [74-77].

Since the optimization technique employed is multi-objective, the primary objective
of the optimization is therefore the simultaneous minimization of the system’s CAPEX
and system-level LCOE with optimal component capabilities while also ensuring the relia-
bility and environmental sustainability of the system. The objective function is therefore
expressed as

minF(x) = [f; (x),f, (x)] = [CAPEX(x),LCOE(x)] (54)

Additionally, the decision vector for the system is expressed as

x = (XpyrXwrXTs X acXHxXgat) = [ApvrLwr, Vs, Qac,Qux,Chrat ] (55)

where Xpy 1, X, X15,X a0, XHx,XBar T€Present the Decision Variables for the PVT, wind turbine,
thermal storage tank, absorption chiller, heat exchanger, and battery capacities. Additionally,
Apvr,Pwr, Vs, Qac,Qrx,Cra represent the PVT collector area (m?), wind turbine rated power
(kWp), thermal storage tank volume (m?), absorption chiller capacity (kW), heat exchanger
capacity, and battery storage capacity (kWh), respectively.

For the economic indicators, as seen in the previous section, this study incorporates
economic indicators like the CAPEX and OPMEX, Payback Period, NPV and system-level
LCOE. This has aided in the effective assessment of the economic viability of the proposed
HRES. Annually, the expenditure of the proposed HRES considers: CAPEX, OPMEX,
replacement cost, and other system recurring costs. The MOPSO simultaneously minimizes
the objective vector in Equation (52). Thus, f; (x) minimizes total investment cost, while f,
(x) minimizes the lifecycle cost of delivered energy. Multi-objective optimization algorithm
searches for a set of pareto-optimal solutions. The first objective function minimizes the
HRES total installation cost and is expressed in Equation (56) as

CAPEX(x) =c1 Apyr +c2 Pwr +tc3 Vs +ca QactcsQsut c6Crat + Crise (56)

where cl, 2, 3, c4, ¢5, ¢6, and Cmisc represent the unit costs of PVT collectors, wind turbine,
thermal storage, absorption chiller, space-heating unit, battery storage, and fixed balance of
system costs (such as the inverter, piping, controls, and installation). The second objective
function minimizes the system’s lifecycle energy cost, and the minimized weighted LCOE
which employs the electricity energy generation (E), thermal energy production (T) and
cooling energy production (C) is expressed as

Annualized Total Cost

minWLCOE = (57)
W, 'Eelect + w, 'Ethermal + w, 'Ecooling

where we, wt, and wc represent the normalized weights summing to 1 (for electricity, thermal,
and cooling energy respectively, with the thermal energy denoting the combined thermal
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flow for space heating and domestic hot water production). Additionally, E,;,., E e, and
E oling are annual useful energy outputs (kWh equivalent). The Annualized Total Cost
(ATC) is computed as follows:

Annualized Total Cost = CRF x Z(Ci xx)+0&M (58)

1

where C,; is the cost per unit capacity for the energy and storage components, while x; is the
sizing decision variable for component i. O&M which is the operating and maintenance
costs includes fixed and variable operating & maintenance costs. CRF is the capital recovery
factor and is given as

ii+ DY
i+DHV -1
where N is the lifespan of the system which is considered to be 20 years for this study,

CRF(i,N)= (59)

while i is the annual interest rate taken as 8%. CRF aids in the conversion of the capital cost
into annual value that is subsequently employed in the determination of the system-level
LCOE. A reduced system-level LCOE means the production of more affordable energy by
the proposed hybrid RE system. The MOPSO technique has proven to be beneficial and
influential in improving hybrid RE systems and their costs.

The MOPSO optimization for this present study was sequentially coupled with the
TRNSYS-based HRES model, with the technical and energy-performance outputs obtained
from TRNSYS transferred to the Python optimization framework for techno-economic eval-
uation. It considered five continuous decision variables: PVT collector area, wind-turbine
rated capacity, battery-storage capacity, thermal-storage volume, heating unit capacity,
and absorption-chiller capacity. Their respective lower and upper bounds were 6-24 m?,
0.10-2.00 kW, 2-20 kWh, 0.5-10 m?, 1-5 kW, and 8-35 kW, with candidate solutions con-
strained to these ranges during particle updating. The two objectives, CAPEX and system-
level LCOE, were treated as equally important independent objectives; hence, no scalar
objective-function weighting factors were imposed. The final compromise solution (Point
C) was selected from the nondominated Pareto archive after min—-max normalization of
both objectives using the minimum Euclidean distance from the normalized ideal point.

The Pareto front of the MOPSO is presented in Figure 17. Point C represents the final
compromise (optimal) solution. The CAPEX and the system-level LCOE of this knee Point
C are 14,618.394 USD and $0.15381/kWh, respectively.

Point A is the case of minimum CAPEX solutions and is characterized by small PVT
area, minimal storage and chiller size, and low energy output. Point B is the case of low
LCOE solutions, with large PVT area, strong energy outputs, and possible issues of system
components oversize. The knee point, which is the optimal solution (point C) satisfies
near-minimum CAPEX and near-minimum LCOE objectives, which offer maximum system
efficiency per unit cost. Figure 18 depicts the convergence characteristic of the optimization
algorithm in minimizing the CAPEX and system-level LCOE of the proposed HRES.

The convergence profiles show a rapid reduction in both the CAPEX and the system-
level LCOE during the early iterations, followed by progressively smaller improvements
and stabilization. CAPEX converged to approximately USD 13,280, while LCOE stabilized
at about USD 0.1412/kWh, with negligible changes thereafter, indicating stable convergence
of the MOPSO algorithm within the 200-iteration search horizon. The smooth asymptotic
behavior and absence of significant oscillations in the final iterations confirm the good
convergence characteristics, stability, and optimization efficiency of the proposed MOPSO
algorithm for the HRES design. The optimized design offers a significant increase in the
quantity of generated energy from the system in comparison with the baseline scenario.
This improvement in the system components’ capacity, energy generation, and economic
implication is given in Tables 17 and 18 and is in line with the overall objective to achieve
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greater system efficiency with optimal performance. It should be noted that although
the optimized wind-turbine capacity of 0.101 kW results from treating turbine capacity
as a continuous decision variable, practical implementation would require selection of a
commercially available turbine with an appropriate rated capacity and reassessment of
system performance based on the resulting discrete component specifications.
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Figure 17. Pareto front.
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Figure 18. Convergence process of MOPSO algorithm showing how the objective functions evolve
over iterations: (a) CAPEX convergence; (b) LCOE convergence.
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From the PSO approach, the load demand has been effectively aligned with the gener-
ated renewable energy so that the optimized system is able to fully satisfy the building’s
load demand, with the generated surplus stored in the storage systems for further usage or
sold to the grid in case of on-grid hybrid energy system. The optimized annual electrical
energy production of 4773.50 kWh is able to meet the annual load demand of 2855.304 kwh
with a surplus. Similarly, the annual thermal production of 7702.85 kWh is able to sat-
isfy the annual baseline thermal energy delivery for the system, while the cooling energy
generation of 2847.65 kWh also satisfies the cooling of load 2842.01 kWh. These annual
energy outputs from the optimized system are obtained with a significant reduction in both
the capital expenditure (CAPEX) and weighted LCOE from $17,415 and $0.237/kWh in
the economic analysis section, to $14,618.394 and $0.1538/kWHh, respectively. The revised
design through the PSO algorithm has therefore led to a 16.1% reduction in the overall
capital expenditure (CAPEX) as well as a 35% decrease in the system-level LCOE relative
to the modeled baseline. This indicates a more economically efficient energy output system,
demonstrating the exceptional merits in the employment of MOPSO algorithm for sizing
and optimization of hybrid energy systems.

Table 17. Optimal design components capacities from MOPSO algorithm.

S/N Component Optimal Value from MOPSO
1 Wind Turbine Capacity (kWp) 0.101
2 PVT panels (kWp) 410
3 Thermal Storage Volume (m?) 2.019
4 Absorption chiller capacity (kWth) 10.341
5 Heating unit capacity (kWth) 2.00
6 Battery Capacity (kWh) 5.98

Table 18. Final annual energy outputs and costs from MOPSO algorithm.

S/N Energy/Cost Optimal Value from MOPSO
1 Annual Electricity output (kWh/year) 4773.10
2 Annual Thermal Energy (kWh/year) 7702.85
3 Annual Cooling Energy (kWh/year) 2847.65
4 Capital Expenditure (CAPEX) (USD) 14,618.394
5 system-level LCOE (USD/kWh) 0.1538

In evaluating the robustness of the MOPSO, the Mean * Standard Deviation over
several independent runs were obtained, as shown in Table 19.

Table 19. Parameter sensitivity analysis for robustness check: Mean + Standard Deviation Report.

Parameter CAPEX (Mean * STD) (Me:r?ggTD) Runtime (Mean + STD) M :;;C};“;m)
Swarm Size 14,737.267416 + 70.860736  0.153062 + 0.000454 48271177 + 32.477185 93.750 + 37.446543
Tterations 14,733.675578 + 80.202283  0.152926 + 0.000541 82.882415 + 8.400730 99.975 + 0.158114
Inertia Weight 14,721.362169 + 71.546610  0.152848 =+ 0.000422 73.236035 + 27.336014 98.850 + 3.174821
cl 14,731.965252 + 67.372282  0.152995 + 0.000524 88.524682 + 23.909597 97.775 + 5.071223
) 14,748.000677 + 54561119 0.153034 + 0.000641 45.560538 + 34.791970 96.450 + 7.200249
Archive Size 14,711.398634 + 55475431 0.153027 + 0.000450 85.951836 + 4.266517 100.000 + 0.000000
Mutation probability ~ 14,719.097527 + 57.251549  0.152879 + 0.000551 43.270823 + 14.171240 100.000 + 0.000000
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The MOPSO hyperparameter sensitivity was evaluated using a one-factor-at-a-time pro-
cedure while retaining the remaining parameters at their baseline values. The investigated
ranges were 20-100 particles for swarm size, 50-200 iterations, 0.30-0.90 for inertia weight,
1.0-2.5 for C; and C,, 50-150 for archive size, and 0-0.20 for mutation probability, with 30 inde-
pendent runs for each setting. The final configuration was 60 particles, 200 iterations, w = 0.70,
C, = C, = 1.50, archive size = 100, and mutation probability = 0.05. The robustness analysis
showed consistently low variability in the CAPEX and the system-level LCOE across the
investigated MOPSO parameters, demonstrating strong repeatability and limited sensitivity
to stochastic variations. The relatively small standard deviations of the objective values, to-
gether with generally stable archive sizes, confirm the robustness and convergence stability
of the optimization framework, making it well suited for the multi-objective optimization of
the proposed hybrid multigeneration energy system.

To further evaluate the robustness of the proposed hybrid renewable multigeneration
system for Antalya, Turkey, uncertainty quantification framework based on Monte Carlo
Simulation was performed. The uncertainty assessment employed 1000 Monte Carlo real-
izations with a fixed random seed of 42. Solar-resource, wind-resource, load-demand, and
battery-performance factors were sampled from normal distributions with nominal standard
deviations of 10%, 15%, 8%, and 3%, respectively. CAPEX and O&M multipliers followed
triangular distributions of (0.90, 1.00, 1.10) and (0.85, 1.00, 1.15), respectively, while the
discount rate was sampled uniformly between 6% and 10%. Random inputs were sampled
independently with no imposition of prescribed cross-correlations among uncertain input
variables. The resulting distributions of CAPEX, system-level LCOE, NPV, and LPSP were
subsequently evaluated statistically with Table 20 showing the statistical summary.

Table 20. Uncertainty analysis results.

LCOE CAPEX NPV LPSP Load Factor Solar Wind Discount

Factor Factor Rate
Mean 0.154625 14,619.962774  3158.194740  0.031531 0.998318 0.995827 1.009194 0.080942
Median  0.153372  14,644.785901  3007.152177  0.002162 0.998880 1.001937 0.998232 0.081848
Std 0016786  567.232283 694.483608 0.046450 0.059635 0.079335 0.122236 0.011769
Variance  0.000282  321,752.46320  482,307.4824  0.002158 0.003556 0.006294 0.014942 0.000139
Min. 0.110088  13,373.339307  2085.179500 0.00000 0.840439 0.780724 0.736143 0.060724
5% 0131614  13,675.836319  2298.738730 0.00000 0.896562 0.878093 0.803090 0.063281
50% 0153372  14,644.785901  3007.152177  0.002162 0.998880 1.001937 0.998232 0.081848
75% 0163629  14,939.931268  3736.895509  0.050903 1.035696 1.047105 1.078598 0.092448
Max. 0199869  16,045.496533  4498.884508  0.193000 1.184733 1.175184 1.462328 0.099461

The uncertainty analysis results indicate a mean Loss of Power Supply Probability
(LPSP) of 0.0315 (3.15%), demonstrating that the optimized HRES provides a high level
of supply reliability under stochastic variations in renewable energy resources and load
demand. Figure 19 shows the probability distribution plots of CAPEX, system-level LCOE,
NPV, and LPSP.

The probability distributions show that CAPEX and the system-level LCOE are con-
centrated around their central ranges with moderate dispersion, indicating relatively stable
economic performance under the considered uncertainties. NPV remains positive across
the simulated realizations, supporting the economic viability of the system under the un-
certainty conditions examined. In contrast, the LPSP distribution is strongly right-skewed,
with a pronounced concentration near zero and a relatively small number of higher values.
Overall, the low mean LPSP and the positively skewed distribution confirm the robustness
and resilience of the proposed HRES design for residential energy applications in Antalya,
Turkey, while maintaining an acceptable reliability level under uncertainty. The stand-alone
system’s reliability is influenced by the time-dependent balance between renewable elec-
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tricity generation, electrical demand, and battery storage availability. During periods of
insufficient solar and wind generation, the battery supplies stored energy to compensate for
the generation deficit, subject to its available state of charge (SOC). Unmet electrical demand
may occur when renewable generation and the available battery discharge are collectively
insufficient to satisfy the load. The Monte Carlo uncertainty analysis accounts for variations
in solar and wind availability, electrical demand, and battery performance, yielding a mean
LPSP of approximately 3.15%. This value therefore provides an estimated indicator of
supply inadequacy under uncertain operating conditions, with resolution of the hourly
battery SOC variations not explicitly conducted from the adopted probabilistic formulation.
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Figure 19. Probability distribution plots: (a) CAPEX; (b) LCOE; (c¢) NPV; (d) LPSP.

Figure 20 shows the correlation matrix derived from the Monte Carlo uncertainty
analysis. It reveals the key relationships among the techno-economic and reliability indi-
cators of the proposed HRES. From the matrix, LPSP is positively associated with LCOE
(r =0.67) and load factor (r = 0.57), while increasing solar and wind availability reduces
LPSP (r = —0.49 and —0.42, respectively). The strongest relationship is observed between
NPV and discount rate (r = —0.98), confirming the dominant influence of the discount
rate on project profitability. Overall, the correlation analysis confirms that both renew-
able resource availability and economic parameters are primary drivers of the system’s
techno-economic performance and reliability under uncertainty.
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Figure 20. Correlation heatmap from uncertainty analysis.

7. Practical Implementation Constraints

Although the proposed HRES showed promising performance under the modeled
conditions for Antalya, translation of the simulated configuration into a physical residential
installation would certainly involve the consideration of potential challenges that include
site-specific, operational, reliability, and economic constraints that were not fully represented
by the numerical simulation. Site integration and space requirements constitute a crucial
implementation constraint. The modeled configuration incorporates a 16 m?, 3.03 kWp PVT
array together with a 0.5 kWp wind turbine and associated thermal-storage and balance-of-
system components. Additionally, the optimized system with a 4.1 kWp PVT array requires
approximately 22 m? of unobstructed collector installation area, alongside adequate space
for thermal storage, battery housing, and associated auxiliary equipment. Rooftop geometry,
shading, available area, and structural loading constraints are all limitations capable of
materially reducing the achievable PVT capacity when considering implementation of
multigeneration HRES like the one in this study. The Mediterranean urban setting of
Antalya with limited rooftop and yard space, as well as closer neighboring buildings,
makes these constraints highly relevant for implementation consideration. The thermal
subsystem operation represents another important constraint. This subsystem can present
control and temperature challenges during implementation. The absorption chiller requires
generator hot water within its specified 75-95 °C operating range, while domestic hot
water is supplied at a 45 °C set point. Accordingly, an effective control strategy is required
for efficient operation. Additionally, the demand-priority controller distributes available
thermal flow between absorption cooling and space heating according to their instantaneous
thermal requirements. These requirements increase the importance of appropriate sensor
placement, controller tuning, pump operation, and valve response. Failure or calibration
drift in these components could therefore reduce useful energy delivery even when sufficient
annual renewable energy is theoretically available.
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Another practical concern is long-term reliability, since the system contains multiple
interacting components that may fail or degrade at different rates. In addition to the PVT
modules and wind turbine, the proposed HRES contains an absorption chiller, thermal-
storage tanks, battery storage, pumps, heat exchangers, diverter/mixing valves, temperature
sensors and control electronics. These interacting components introduce additional potential
failure and maintenance points. In particular, pump or sensor failure and valve/controller
malfunction can simultaneously affect several downstream energy services. The present
simulation does not quantify component failure rates and maintenance intervals; it is
important that these are established from manufacturer specifications, as well as field
experience before practical deployment. Economic performance is similarly conditional on
the assumptions adopted in the study. The calculated CAPEX, system-level LCOE, NPV and
payback period depend on the assumed equipment prices, component lifetime, discount
rate, electricity valuation and operating/maintenance costs. Changes in local equipment and
installation costs, tariffs, financing conditions, exchange rates, and component replacement
requirements are all expected to influence actual project economics [78,79]. The economic
results therefore present potential viability under the evaluated assumptions rather than
the establishment of universal economic feasibility for residential HRES installations in
Antalya. In addition, the integration of multiple components (PV modules, battery storage,
absorption chiller, thermal storage, and control systems) introduces additional complexity
and cost, including the need for advanced control strategies, power electronics, and system-
level coordination. These integration efforts can further increase both the capital and
operational costs of small-scale systems. Potential incentives or supportive energy policies
have the capability of improving investment conditions; however, the present study did not
explicitly model any specific government subsidy or financing program and therefore does
not quantify their impacts.

Overall, practical deployment of the proposed HRES configuration would require a
site-specific engineering assessment incorporating available installation area, structural
suitability, hydraulic and control-system integration, reliability requirements, maintenance
capability and updated project economics. It is therefore obvious that the actual success
of implementing the proposed HRES in a real scenario faces constraints under the mod-
eled Antalya residential conditions, making the present findings offer a basis for further
demonstration or pilot-scale assessment.

8. Conclusions

This study developed and dynamically simulated a solar/wind-based hybrid renew-
able multigeneration system in TRNSYS for supplying electricity, cooling, space heating,
and domestic hot water to a single-family residential building in Antalya, Turkey. The
analysis comprised the performance evaluation of the baseline configuration, one-factor-at-
a-time sensitivity analysis identifying a best-performing parametric configuration (Case
VII), economic analysis of the system, multi-objective optimization using MOPSO, and
uncertainty analysis of the proposed HRES.

The baseline configuration provided 95.63% annual electrical energy coverage and
supplied the modeled thermal-energy services of absorption cooling and space heating,
including the prescribed domestic hot water demand of 180 L/day. The parametric analysis
showed that the proposed HRES outputs responded differently to changes in the design
variables, with variation of the PVT collector area producing the most notable improve-
ment in electricity generation. Case VII was therefore identified as the best-performing
configuration among the investigated parametric cases.

The subsequent multi-objective Particle Swarm Optimization analysis constituted the
formal optimization stage and identified Pareto-optimal system configurations considering
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the selected techno-economic objectives. Relative to the corresponding pre-optimization
configuration, the optimization reduced CAPEX and weighted system-level LCOE by 16.1%
and 35%, respectively. Furthermore, the uncertainty analysis performed through Monte
Carlo simulations produced an LPSP of 3.15%.

Under the economic assumptions adopted in the study, the evaluated HRES produced
a positive NPV and a 9.3-year payback period, demonstrating potential economic viability
for the investigated residential application. Overall, the results indicate that the proposed
multigeneration concept can provide promising techno-economic performance under the
Antalya climatic conditions, residential load profiles, component characteristics, control
settings, and economic assumptions considered in this study. Future work is expected to
expand the framework to other regions and demand profiles in Turkey. Broader geographic
comparison of the proposed model would show whether similar multigeneration systems
remain attractive across Turkey under different solar, wind, and thermal-load conditions.
This would create a stronger basis for policy recommendations and future implementation
planning. Additionally, the multi-objective PSO-based sizing optimization can be enhanced
through comparison with other metaheuristic algorithm approaches or hybrid Al-based
controllers such as neural network assisted PSO.
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