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 A B S T R A C T

The increasing share of renewables forces combustion-driven power generation machines to operate with high 
adaptability. Small-scale heat and power units, like micro gas turbines (mGT), could show potential for Hybrid 
Renewable Energy Systems (HRES) due to their operational and fuel flexibility. However, their economic 
viability in a variable energy environment remains uncertain. The levelized cost of exergy (LCOX) in HRES 
with combined heat and power (CHP) units, should be calculated under uncertainties to support decision-
making. This paper applies design optimization to a photovoltaic/battery/heat pump system with two prime 
movers to investigate the required economic relevance of small-scale CHP units in HRES. The considered 
prime movers are internal combustion engines (ICE) and mGTs, including advanced mGT configurations such 
as humidified cycles (mGT-wet, mHAT). Test cases include a hospital, office and hotel in Brussels with distinct 
demand profiles. Uncertainty quantification on optimized system capacities is performed using Polynomial 
Chaos Expansions (PCE), ensuring computational efficiency. The hospital shows that adding an mGT improves 
LCOX (227 e/MWh compared to 244 e/MWh of non-PM HRES), while in the hotel case, non-PM systems 
are more cost-effective due to low electricity demand. Dry mGTs and ICEs enhance flexibility in HRES for 
suitable applications, but their economic viability depends strongly on energy prices and demand. Humidified 
mGTs improve self-sufficiency but with higher fuel cost, making their cost-effectiveness questionable if excess 
electricity is not sold to the grid.
1. Introduction

The global energy landscape is transitioning towards decentraliza-
tion with increasing reliance on renewable energy sources. Recent 
global data show a continued rise in photovoltaic deployment. So-
lar PV supplied about 5.4% of global electricity generation in 2023, 
following an annual increase of roughly 320 TWh [1]. Projections 
from the International Energy Agency indicate that PV will become 
the largest renewable electricity source by 2029 [1]. The IEA PVPS 
programme reports that global installed PV capacity passed 1.6 TW 
in early 2024 [2]. This underlines the accelerated global adoption of 
solar energy, reflecting the reality of the next decades. Additionally, 
the Net Zero Emissions by 2050 Scenario foresees further growth of 
solar PV and wind together with higher electricity demand driven by 
electrification. To accommodate the integration of accelerated adoption 
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of PV in the energy mix, thermal and grid-scale storage will play a key 
role to ensure system stability [3].

Many contributions examine microgrids in commercial applica-
tions to evaluate their economics, renewable integration, storage and 
policy conditions. Uddin et al. [4] highlighted the potential impor-
tance of microgrids, presenting economic and regulatory challenges. 
Boruah et al. [5] conducted a comprehensive design and economic 
feasibility analysis of a commercial grid-connected PV plant with a 
bank of batteries introducing a novel net-zero energy management 
system for an educational institution and enhancing grid stability in 
peak load management. Isa et al. [6] study on a grid-connected hybrid 
cogeneration system of PV, fuel cells and batteries hospital building 
offered a practical alternative to traditional power systems. Related 
work also shows how the integration of heat pumps and thermal 
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storage with battery systems increases on-site PV utilization [7]. Fur-
ther evidence of economic feasibility is provided by Taghavifar and 
Zomorodian [8], who reported positive financial outcomes for an on-
grid PV–wind hybrid system at a university campus through controlled 
export of surplus electricity.

In parallel, for remote and residential applications, hybrid renew-
able microgrids have been shown to present economic potential. Ji [9] 
reported an islanded PV, wind and biogas microgrid supplying over 
90% renewable electricity at a levelized cost of about $0.116/kWh. 
Similarly, Masrur et al. [10] presented that replacing diesel power 
generation with solar–wind–battery system decreased both energy costs 
and carbon emissions. Furthermore, Amini et al. [11] showed that pol-
icy incentives further improve economic performance and renewable 
penetration.

Several articles have been published using optimization on hybrid 
renewable energy systems. Thus, Güven et al. applied advanced meta-
heuristic optimization showed significant reductions in total system 
cost and high renewable penetration under multi-objective schemes
[12]. Other studies compared multiple metaheuristic algorithms across 
grid-connected hybrid designs showing that algorithm selection influ-
ences possible renewable shares and levelized costs of energy [13]. 
Hybrid energy storage concepts combining batteries and supercapac-
itors have been optimized highlighting the role of focused sizing and 
dispatch in improving system reliability and cost [14]. Kushwaha and 
Bhattacharjee effectively optimized of an off-grid microgrid design 
for rural power supply using slime mould algorithm and reported 
cost and reliability outcomes for PV–wind–battery–diesel and methanol 
generators under multiple objective criteria [15]. Hybrid microgrids 
combining renewable generation, storage have also been optimized 
using quadratic interpolation based bio inspired algorithms, with ap-
plications to commercial buildings and electric vehicle charging infras-
tructure [16].

As energy systems integrate more renewables, the function of ther-
mal units shifts, yet they still provide needed flexibility and system 
support [17]. Storage, biomass units, and thermal plants equipped 
for clean fuels or carbon capture are expected to supply part of this 
flexibility. In parallel, combined heat and power production from gas 
turbines, steam turbines [18] and internal combustion engines [19] 
remains relevant in settings where heat demand is stable. Hospitals 
fall into this category because hot water and heating loads are high 
throughout the year, and several medical processes require continuous 
thermal supply [20].

Micro gas turbines (mGTs) offer a compact and modular option for 
distributed power generation in microgrids [21]. Interest in these units 
has increased over the past two decades. Their size, power range of 
20–500 kW, fuel flexibility and relatively low emissions make them 
suitable for dispatchable operation. Previous work has examined the 
use of mGTs in a wide set of applications. Kumar et al. [22] assessed 
a hybrid renewable energy system (HRES) featuring PV, batteries, 
mGT, a desalination unit, and a gasifier for electricity, water, and 
cooking gas supply in remote Indian locations. The system showed 
80 423 kWh/year electricity and 34 778MJ/year heat output and could 
produce 9516 l/day freshwater using waste heat from the mGT. Is-
mail et al. [23] looked at a hybrid system with PV panels, batteries, 
and a mGT to power remote communities in Palestine. They showed 
that it was technically and economically possible with a mix of PV 
panels, battery units, and a 30 kW mGT capacity. Comodi et al. [24] 
investigated a grid-connected 100 kW mGT combined with a PV ar-
ray to firm intermittent solar output. Their analysis showed that a 
hybrid mGT–PV layout can reduce natural gas use by about 16% 
and lower the specific energy cost compared with a standalone mGT, 
while also improving supply reliability. A recent review by Weerakoon 
and Assadi [25] reports similar findings and stresses that coupling 
mGTs with renewable sources improves both cost performance and 
efficiency. Other work examines a smart-grid and island configuration 
in which an Aurelia A400 operates in combined heat and power (CHP) 
2 
mode together with renewables and storage, depicting the benefit of 
advanced EMS strategies in such systems [26].

Economic assessments of advanced mGT cycles have also been 
carried out. Montero Carrero et al. [27] compared an mHAT cycle with 
a conventional mGT and an ICE unit in CHP for residential buildings. 
The mHAT presented the highest economic return due to its improved 
heat flexibility and higher electrical efficiency. A later study [28] indi-
cated that, under current European conditions, mHAT systems remain 
financially unattractive without stronger incentives. Solar-assisted mGT 
concepts have also been explored. Coppitters et al. [29] demonstrated 
that adding concentrating solar power to an mGT cogeneration sys-
tem for remote supply and desalination increases electrical efficiency 
by roughly 3.2% points. The proposed design could produce potable 
water at a cost (≈$1.8–1.9 per m3/day) comparable to conventional 
solar-driven desalination plants, showing the techno-economic feasi-
bility of mGTs for combined energy and water production in off-grid 
applications.

In the above-mentioned design and feasibility assessments for hy-
brid renewable energy systems, various techno-economic factors are 
crucial in determining the system’s performance. These factors are typ-
ically considered fixed or deterministic, matching nominal conditions 
or scenarios. However, uncertainties like changes in market conditions, 
adjustments in how people use energy in a building, and yearly varia-
tions in solar irradiance can lead to fragile, suboptimal solutions that 
perform well under idealized assumptions but collapse when reality 
deviates from predictions [30,31]. Therefore, including uncertain pa-
rameters in the design and evaluation process is important, allowing 
for a more realistic and adaptable approach in decision-making [32]. 
Furthermore, a comparative uncertainty-based techno-economic eval-
uation of small-scale prime movers, particularly mGT technologies 
within commercial HRES applications, remains largely unexplored.

This study contributes to the literature in three ways. First, it 
provides a direct techno-economic comparison between ICE and mGT 
technologies within a unified photovoltaic–battery–heat pump frame-
work to assess a possible economic potential in such renewable systems. 
We chose to contrast mGT with ICE because ICEs typically dominate the 
small-scale CHP market due to their lower capital expenses (CAPEX). 
This study also evaluates the impact of water injection on the mGT’s 
cost-effectiveness in delivering heat and electricity including two hu-
midified mGT cycles (mGT-wet and mHAT). Second, it integrates un-
certainty quantification of optimized system capacities using Polyno-
mial Chaos Expansions, enabling assessment of performance variability 
under realistic uncertain economic and climatic inputs. Third, the 
framework is applied to three distinct commercial building profiles (a 
hospital, an office and a hotel) in Brussels, Belgium to evaluate how 
demand structure influences the economic suitability of different prime 
mover technologies. The optimization simultaneously minimizes the 
levelized cost of exergy (LCOX) and maximizes self-sufficiency (SSR), 
allowing consistent comparison across technologies under identical 
assumptions. Therefore, the novelty of the present study lies in their 
integrated application within a unified multi-objective and uncertainty-
aware optimization framework focusing on small-scale CHP units in 
HRES.

2. Methodology

The climate data used in the analysis are presented first, showing 
the values of ambient temperature and solar irradiance throughout the 
year. These values are used as input parameters in the HRES model. The 
different demand profiles for this analysis are depicted next, explaining 
how they are acquired. The energy management system (EMS), along 
with the methodology behind the modeling of the different components 
of the system, is thoroughly described. Emphasis is given to calculating 
prime movers curves of electrical efficiency and thermal power output. 
The design parameters and objectives are presented and the uncer-
tainties, the polynomial chaos expansion (PCE) and multi-objective 
optimization algorithm of the system are also depicted.
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Fig. 1. The hourly ambient temperature and solar irradiance profiles for 
the city of Brussels are taken from the National Renewable Energy Labora-
tory [33].

2.1. Climate and demand data

Solar irradiance, the surrounding temperature, and the building’s 
needs for electricity and heating all impact how much energy a grid-
connected commercial building uses. For accurate analysis, these cli-
matic conditions are tailored to the location in Brussels city. Given that 
a building’s energy demands are weather-dependent, aligning climate 
data with energy demand profiles is essential. For the climate condi-
tions, Typical Meteorological Year data was utilized that is provided 
by the National Renewable Energy Laboratory [33]. Fig.  1 shows the 
ambient temperature and solar irradiance throughout the year for the 
city of Brussels.

Codeminders [34] database is applied to compare the meteoro-
logical data from Brussels to a specific location in the United States 
of America (USA). Therefore, a climatic American equivalent for the 
city of Brussels is located in the city of Portland. For this specific 
US city, the hourly energy demand data is provided by Open Energy 
Information [35]. As this database contains hourly heat and electricity 
data based in cities across the US. This data aids in constructing a 
realistic representation of the energy demands. The demand profiles 
for a hospital, an office and a hotel in Portland are acquired. To further 
customize demand profiles to the average energy consumption for each 
commercial building in Belgium, the methodology from Montero Car-
rero et al. is implemented [28]. The demand profiles for a hospital, an 
office and a hotel in Portland are acquired with 99% match of Brussels 
climate. Using the data provided by the Institute for Consultancy and 
Studies on Sustainable Development’s [36], the electricity and heating 
profiles for each commercial building are sized to take into account the 
cultural differences of the nations.

Fig.  2 shows the sized demand profiles corresponding to three 
different commercial buildings. The hospital building presents high 
heating demand as its facilities are used all year. Also, various medical 
equipment require a steady supply of steam [20]. Thus for the hospital 
case, the heat demand of the building is divided as heat in the form of 
steam and heat in the form of hot water. It is assumed that 60% of the 
total heat demand is satisfied with steam generation and 40% with hot 
water. This number is in accordance with Chiang et al. [37] as high 
amount of steam is used for drying (laundry) and sterilization.

The office demand profile presents high electricity requirements and 
intermittent heat. However, electricity and heat show similar maximum 
values. The demand profiles of the hotel case presents more distributed 
heat and electricity requirements than the hospital and office. Also, the 
maximum heat and electricity demands are significantly lower than the 
office and hotel. The heat demand in the office and hotel case involves 
only space heating with hot water. These three profiles have distinct 
3 
Fig. 2. The hourly heat and electricity profiles for three different commercial 
buildings located in Brussels. The heat requirements for the three cases drop 
during the spring and summer period.

Table 1
Seasonal electricity and heat loads demands for the 3 buildings.
 Case Winter Spring Summer Autumn 
 Hospital [MWh] Elec. load 2823 2870 2736 2900  
 Heat load 3379 2965 2558 3266  
 Office [MWh] Elec. load 1161 1431 1742 1310  
 Heat load 339 95 23 241  
 Hotel [MWh] Elec. load 538 601 623 565  
 Heat load 806 647 548 689  

characteristics that can highlight the possible potential of an HRES 
coupled with a prime mover.

To provide a clearer overview of the demand characteristics of the 
three case studies, Table  1 presents the aggregated calendar seasonal 
electricity and heat loads. The hospital exhibits high and relatively 
stable electricity and heat demand throughout the year, while the 
office shows strong seasonal variation in heat demand and increasing 
electricity demand in summer. The hotel presents moderate seasonal 
variation with comparable electricity demand across seasons and higher 
heat demand in winter.

2.2. Model of the system

The EMS, shown in Fig.  3, handles the flow of energy and is 
designed to maximize renewable energy use in the system. In this 
study, the building is connected to the grid. Fig.  3 shows the different 
technologies of the HRES. This building is equipped with a PV array 
and a bank of batteries, primarily serving electrical needs, including 
appliances and lighting. Two technologies are considered for meeting 
the heating needs. In the first case (PV/battery/heat pump), a heat 
pump and an electric heater are applied. The electric heat is utilized 
whenever the heat pump capacity cannot fulfill the demand. In the 
second case, the PV/battery/heat pump technology is coupled with 
a prime mover (PM) connected to the gas grid. The prime movers 
that are compared in this analysis are the ICE, mGT, mGT with liq-
uid water injection (mGT-wet) and mGT with humidification using 
a saturator (mHAT). Only in the hospital case, an electrical steam 
generator (ESG) is added to satisfy the high steam demand.
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Fig. 3. Layout of the hybrid renewable energy system with a prime mover for backup power. Two systems are considered. A PV/battery/heat pump is compared 
with a PV/battery/heat pump/prime mover. The two systems are connected to the grid, and an electric heater is also used to cover the demand peaks. The 
electrical steam generator is only utilized in the hospital case.
In both configurations, the electricity generated by the PV panels is 
utilized to meet the building’s electrical needs. Any excess PV electricity 
is initially used to operate the heat pump, with any remaining surplus 
then stored in the battery. Conversely, when the building’s electricity 
demand surpasses the PV output, the system first draws power from the 
battery to increase the grid independence of the system. Then, the PM 
is used whenever it is part of the design. The grid electricity is the last 
resort of the system.

The heat demand fulfillment strategy is complex and involves vari-
ous decision commands utilizing different technologies. Thus, we first 
describe the required steps without PM. In the next paragraph, we 
explain the decision-making logic with the use of PM. When the PM 
is not considered, the heat demand is covered first by the heat pump. 
If there is no sufficient excess PV power to run the heat pump to cover 
the heat demand, the heat pump is operated with the remaining stored 
energy from the battery. If the electricity demand is not covered by 
the PV, the battery will first comply with the electricity requirement 
and if any excess power is left, it will run the heat pump. When the 
electricity from the battery still cannot run the heat pump to cover the 
heat demand, the heat pump is operated with the electricity from the 
grid.

In the case that the prime mover is commissioned (PV/battery/heat 
pump/prime mover), at first the heat pump runs with electricity ei-
ther from the excess PV power or the energy in the battery applying 
the same conditions as in the case of PV/battery/heat pump. When 
renewable energy is not enough to run the heat pump and cover the 
remaining heat demand, the PM is applied. The electrical output of the 
PM is directed to run the heat pump. Therefore, the thermal output of 
the PM, together with the heat from the heat pump, are added to cover 
the heat demand as defined by 
𝑄dem,w = COP ⋅ 𝑃PM,w +𝑄PM,w, (1)

where 𝑄dem,w is the heat demand in hot water, COP is the coefficient 
of performance for the heat pump, 𝑃PM,w is the PM electrical output 
and 𝑄PM,w is the PM thermal output as a function of the electrical 
PM power. If there is still demand for heat, the heat pump runs on 
electricity from the grid.

In the next step, the EMS controls the steam generation based on 
the steam demand. Only in the hospital case and in the PV/battery/heat 
pump/prime mover configuration, if the electricity from PV and bank of 
batteries is not enough to run the steam generator and fulfill the steam 
demand, the prime move is employed. The prime mover generates 
steam only in the nominal conditions so the equation to satisfy the 
steam demand is 
𝑄 = 𝜂 𝑃 +𝑄 , (2)
dem,s ESG PM,s PM,s

4 
where 𝑄dem,s is the heat demand for steam, 𝜂ESG is the efficiency of the 
steam generator (99%) [38], 𝑃PM,s is the electrical output and 𝑄PM,s is 
the PM’s thermal output in the form of steam. The steam generation of 
the mGT is discussed in the next section. Therefore, the total produced 
electricity from the prime mover is 𝑃PM = 𝑃PM,w + 𝑃PM,s. Also, both 
Eq. (1) and (2) apply only when the electricity demand is satisfied 
from renewables and there is a remainder heat demand. The split 
fraction of electrical output for PM (𝑃PM) together with the value of 
𝑃PM are determined with the root-finding python solver, fsolve [39] 
that minimizes 𝑄dem,w, 𝑄dem,s. Finally, in case of a demand peak and 
thus the heat pump capacity cannot satisfy it, an electric heater is used 
in both cases (PV/battery/heat pump, PV/battery/heat pump/prime 
mover). This happens when the remaining heat demand is higher than 
the maximum thermal power that the heat pump can produce.

Fig.  4 shows the power management strategy described in the 
above-mentioned paragraphs. The system is evaluated every hour of 
the year. Dynamic transients such as start-up losses, ramp rates, and 
short-term thermal inertia are not modeled. The calculation starts by 
comparing the demanded electric power with the electricity produced 
by the PV. Fig.  4 is divided into five sections (a–e). Area ‘a’ shows the 
case when there is excess electricity from PV in a specific hour. This 
surplus electricity is used to run the heat pump and then to charge 
the battery. In the area ‘b’ of Fig.  4, the energy from the PV cannot 
fulfill the electricity demand. Thus, the battery is discharged to cover 
the remaining electricity and to run the heat pump. The area ‘c’ presents 
how the heat demand is fulfilled if the heat generated from renewables 
cannot cover it. The highlighted boxes at ‘c’ and ‘d’ indicate when 
the PM is deployed. In PV/battery/heat pump (without PM), these 
commands are avoided. The last resorts to satisfy the electricity demand 
is depicted in area ‘d’. If the PM is deployed, it is chosen first. Therefore, 
grid electricity is the last step of EMS. Finally, area ‘e’ is the last step 
to fulfill the remaining heat demand using electric heater.

In Fig.  4 the remaining power that needs to be satisfied in the form 
of electricity or heat is shown with the subscript ‘rem’. When the PM is 
employed and there is no excess electricity from renewables to satisfy 
the heat demand, the PM is utilized to cover for it. If the heat demand 
is higher than the nominal heat production of PM (𝑄rem > 𝑄PM,max), 
the engine runs at nominal power. Also the produced electric power 
from PM is directed to run the heat pump and cover for the remaining 
heat. Any excess electrical power from PM after the fulfillment of heat 
demand it first covers the electric demand and then is stored in the 
bank of batteries.

In the case when there is no excess renewable electricity to satisfy 
the heat demand but the heat demand is lower than the nominal heat 
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Fig. 4. The flowchart of the energy management strategy for HRES. The commands where the PM is deployed are depicted (PV/battery/heat pump/prime mover). 
When ESG is commissioned is indicated with an asterisk.
production of PM (𝑄rem ≤ 𝑄PM,max), the PM runs on part-load to cover 
the heat. The electricity that is produced first covers the electricity 
demand and then is stored in the battery. In this specific occasion that 
𝑄rem ≤ 𝑄PM,max, a green box in Fig.  4 indicates the use of mHAT. 
Therefore, in the design of PV/battery/heat pump/mHAT, the mHAT 
engine is used in wet mode when the heat demand is lower than 
225 kWth and the electricity demand is higher than the nominal. More 
information for this specific decision regarding the utilization of mHAT 
is provided in the next sections.

In Fig.  4, we also indicated when the electrical steam genera-
tor (ESG) is deployed to cover for the steam demand only in the hospital 
case. This is shown with the asterisk (*). Therefore, the algorithm 
uses the steam generator whenever there is excess electrical power 
from renewables or prime mover and after the heat pump is deployed. 
Furthermore, the steam generator fulfills the steam demand in area ‘c’ 
using electricity from the grid as a last resort.

Two different examples of the operation of EMS with zero battery 
capacity are presented in Fig.  5 to assist with the comprehension of 
the EMS of this study. The arrows of Fig.  5 indicate each step of the 
algorithm. Example (i) presents a case that produced electricity from 
PV satisfies all the electricity demand. The remaining electric power 
from renewables is used by the heat pump to cover for 17% of heat 
demand (Step 1 in Fig.  5(i)). Then the PM is operated and works at 
nominal thermal power to cover 19% of heat demand (Step 2). All the 
5 
Fig. 5. The two examples on the operation of EMS show how the renewables 
are prioritized. The PM works to satisfy firstly the heat demand and the grid 
is the last resort.

electricity produced by the PM is used to run the heat pump and cover 
30% of thermal demand (Step 3). The remaining heat is satisfied with 
the heat pump using electricity from the grid. Example (ii) shows a case 
where the power from PV covers 45% of the total electricity demand. 
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At a next step, the PM is used to cover 44% of heat demand. Also, 
the remaining heat demand is covered by the produced electric power 
of PM which is used to run the heat pump. In a third step, the extra 
produced electric power covers 24% of electric demand. The 31% of 
required electricity is satisfied by the grid.

2.2.1. Solar photovoltaic plant
The PV model follows the implementation described in Coppit-

ters et al. [40], which applies the PVLib framework [41] together 
with the single-diode formulation and parameter extraction method of 
De Soto et al. [42]. Therefore, the PV current and voltage are described 
by a single-diode model equation: 

𝐼PV = 𝐼L − 𝐼0

[

exp
(

𝑈 + 𝐼𝑅s
𝑛diode𝑁S𝑈th

)

− 1
]

−
𝑈 + 𝐼𝑅s

𝑅sh
(3)

A Sunpower SPR X-19-240-BLK module is used as Ref. [43], and 
Maximum Power Point Tracking is assumed at each time step. Inverter 
replacement is included using a 10-year lifetime based on reported 
ranges [44,45].

2.2.2. Bank of batteries
The battery model follows the lead–acid formulation described by 

Coppitters et al. [40], which builds on the experimentally validated 
approach of Blaifi et al. [46] for the relationship fo voltage and current:
𝑈bat = 𝑈bat,oc + 𝐼bat𝑅bat, (4)

the battery current, denoted as 𝐼bat, has positive values when charging 
and negative values during discharge. The resistance, 𝑅bat, influences 
the voltage changes that occur after both the charging and discharging 
processes. State-of-charge evolution, current limits, and lifetime estima-
tion through Rainflow cycle counting are treated as in the referenced 
work, with a minimum SOC of 20% and current constraints based 
on [47]. The equation of the SOC is shown below: 

SOC(𝑡) = SOC0 +
1

𝐶(𝑡) ∫

𝑡

0
𝜂bat(𝑡)𝐼(𝑡)𝑑𝑡 (5)

An initial number of 1250 cycles is adopted in line with previous stud-
ies [40]. Further model details are available in [40,46]. Further techni-
cal details are provided by Blaifi et al. [46] and Coppitters et al. [40].

2.2.3. Air-source heat pump
The model incorporates inverter heat pump technology. A heat 

pump that uses ambient air as a source is chosen in this study. The 
output temperature of the heat pump (𝑇w) is set at 50 °C (heat sink 
temperature) and is adopted with the assumption of large area radiators 
used for commercial building [48]. The hourly operational coefficient 
of performance is calculated as follows [48]: 
COP = 6.81 − 0.121𝛥𝑇 + 0.000630𝛥𝑇 2, (6)

𝛥𝑇  is equal to 𝑇w − 𝑇amb, where 𝑇w is the temperature of the heat sink 
and 𝑇amb is the ambient air temperature. The range of operation of this 
equation is 15 ≤ 𝛥𝑇 ≤ 60.

2.2.4. Prime movers
Four prime movers are evaluated. The mGT configurations in Fig. 

6 are compared with an ICE sized to the same electrical load. The 
optimized layouts include the dry 2-spool mGT and two humidified 
variants, mGT-wet and mHAT. The dry cycle (Fig.  6(a)) is a 2-spool 
recuperated and intercooled mGT with an economizer for district heat-
ing. The engine model is based on the Aurelia A400 and follows earlier 
work [49]. Both intercooler and economizer supply hot water at a 
return temperature of 40 °C, so their cold-side inlet is fixed at 50 °C [50].

Water-injection configurations follow the previously developed mod-
els of the 2-spool mGT [51]. In mGT-wet (Fig.  6(b)), preheated liquid 
water is injected at the HPC outlet, using part of the intercooler flow. 
The injection rate is limited to avoid two-phase conditions. This concept 
6 
offers a moderate efficiency gain of about 1%–2% points [51] while 
using the intercooler and economizer heat at lower outlet temperatures 
than in the dry cycle.

The mHAT configuration (Fig.  6(c)) saturates the HPC-outlet air 
through a humidification tower. It provides the highest efficiency im-
provement without two-phase flow and requires fewer modifications 
than other humidified cycles [51]. Unlike the HAT cycle [52], no af-
tercooler is added. Water streams from the intercooler and economizer 
are mixed, conditioned to meet the thermal demand, and supplied to 
the saturator. The recirculated water is then split to recover heat from 
both heat exchangers.

Dry mGT and ICE. Although the prime movers are compared at equal 
nominal electrical capacity, differences in operational flexibility and 
part load behavior are explicitly included through technology specific 
performance curves. Firstly, the dry mGT and ICE and their load curves 
are presented. Both engines’ nominal electrical output is 400 kWe. The 
load curves of the intercooled and recuperated dry mGT are produced 
by the python model that is developed in previous study [49]. The 
ICE electrical efficiency curve is taken from Tilocca et al. [53] corre-
sponding to a 400 kWe machine. The thermal output curve is derived 
from the engines of 2G Energy AG according to 2G Agenitor 406 and 
Avus 500plus and scaled to match an electrical load of 400 kWe [54].

The number of units for both PM is also a parameter in the simula-
tion. Therefore, the electrical efficiency is optimized for 2 and 3 units 
according to the following equation: 

𝜂el =
∑𝑛

𝑖=1 𝑃el,𝑖
∑𝑛

𝑖=1
𝑃el,𝑖
𝜂el,𝑖

, (7)

where 𝑛 is the number of units and 𝑃el,𝑖, 𝜂el,𝑖 the electrical output and 
efficiency of a single unit. 𝑃el,𝑖 are the variables and the objective is 
to maximize electrical efficiency (𝜂el) of the combined engines. Fig.  7 
shows the efficiency and thermal power curves versus the electrical 
power output percentage in case one, two, or three engines are commis-
sioned for the mGT and ICE. Finally, the lifetime of both prime movers 
is assumed to be 60 000 h which is considered a conservative (relatively 
high) value [55].

mGT-wet and mHAT. The load curves of the mGT-wet represent the 
cycle with liquid preheated water injection from the intercooler. The 
electrical efficiency and nominal load is increased by 1.05% compared 
to the dry mGT. Although, the produced heat in the form of hot water 
drops by 32.7% from the dry mGT. The mGT-wet cycle is used only 
until 150 kWe of electrical load (37.5% of nominal operation) because 
at lower loads the efficiency gain is diminished. Thus, below 37.5% of 
electrical power the dry mGT is employed. This is also depicted with a 
slight increase in the thermal power output curve of Fig.  8.

The mHAT cycle also operated in two modes. The mHAT presents 
high exergy efficiency at low heat demands if it is operated with 
variable thermal demand and nominal electrical output. Fig.  9 illus-
trates the exergy efficiency and electrical efficiency of the mHAT and 
mGT. For heat demands below, 225 kWth the mHAT shows higher 
exergetic performance. As a result, a decision is made to run the mHAT 
configuration in wet mode only for heat demands for 0 to 225 kWth
and for the rest the dry mGT is employed. As it is depicted in Fig.  9 the 
mHAT at wet mode presents higher electrical efficiency than the dry 
mGT and constant electrical power at 400 kWe.

For the CAPEX and OPEX of the mHAT, we assumed that they 
experience a 10% increase from the dry mGT values. This is considered 
a conservative assumption [55]. For the mGT-wet a 5% increase is 
implemented only in the OPEX as it is related with the consumption 
of water.
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Fig. 6. The dry mGT (a) is compared with a cycle incorporating liquid water injection (mGT-wet (b)) and with the mHAT (c).
Fig. 7. Electrical efficiency and thermal power output as a function of the 
relative electrical power output. As the number of units exceeds one, the mGT 
keeps a rather constant efficiency near the maximum value for more than 75%.

2.2.5. Prime mover for steam generation in hospital
As it was mentioned in previous section, the hospital requires sat-

urated steam for sterilization and laundry purposes [20,37]. So except 
for the use of an electrical steam generator, the prime mover is utilized, 
taking advantage of its hot exhaust gases to generate steam. Thus, 
for the mGT a heat recover steam generator (HRSG) is placed in the 
recuperator outlet, as it is depicted in Fig.  10. Basically, the economizer 
component that generates hot water is in between the HRSG evaporator 
and preheater to create an effective heat recovery.
7 
Fig. 8. Electrical efficiency and thermal power output as a function of the 
electrical power output for the mGT-wet cycle. Higher electrical efficiencies 
and lower heat loads compared to dry mGT are observed.

Water enters the preheater at 15 °C and 2.04 bar and leaves the 
evaporator as saturated steam at 120 °C, as it is indicated in global liter-
ature of steam generation in hospitals [56–60]. Therefore, the exhaust 
gases after in the recuperator outlet first use their heat to evaporate 
the water in HRSG, then heat the water used for district heating and 
as a last step preheat the water intended for HRSG. The dry mGT is 
used at nominal electrical load to generate the composite curves of the 
heat-exchanger network comprised of an economizer and a HRSG. The 
temperature of flues gases in the recuperator outlet is reported 197 °C. 
Also, a minimum pinch is applied at the evaporator and preheater of 
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Fig. 9. The mHAT configuration applies water injection through the saturator 
for thermal power at which the exergy efficiency is higher than the dry mGT. 
For the rest of thermal demands, the dry mGT is employed.

Fig. 10. The HRSG consists of a preheater and an evaporator. The economizer 
for hot water is placed in between. Saturated steam leaves the HRSG at 120 °C 
and 2 bar.

10 °C. The economizer is assumed to be unmodified and is modeled with 
𝜖 − NTU method and the off-design behavior is modeled according to 
Hampel et al. [61]. Fig.  11 depicts the composite curves of the heat-
exchanger network for waste heat recovery. The flue gases leave the 
HRSG at 55 °C. The water used in the HRSG enters the preheater at 
15 °C and leaves at 50 °C to be redirected in the evaporator. The water 
for district heating enters the economizer at 50 °C and leaves at 77 °C. 
The preheater has a very small effect in the processed heat, taking only 
10 kWth from the exhaust gases. Also 180 kWth of heat are processed in 
the evaporator. As a result, this mGT cycle configuration with a HRSG 
produces 190 kWth of saturated steam and 357 kWth of water from 
the intercooler and economizer. The total heat production is, 547 kWth
which is increased by 30 kWth compared to the configuration without 
the HRSG, as a more effective heat extraction is designed. So the steam 
production is 34% of the total heat of the mGT cycle. The heat transfer 
equations at off-design in the evaporator are modeled according to 
Li et al. [62].

For this study, the steam is generated only at nominal conditions. 
So steam is generated whenever the heat demand is higher or equal 
than the nominal heat of the prime mover. This design choice is made 
to reduce the complexity of the calculations. Also, in lower heat loads 
in the prime mover, the temperature of the exhaust gases drops below 
198 °C. As a result, the production of saturated steam is impossible. 
8 
Fig. 11. The composite curves for the HRSG and economizer are designed 
with a minimum pinch of 10 °C.

Regarding the ICE, it was assumed that this engine produces steam sim-
ilarly to allow a fair comparison with mGT. Thus, the steam production 
is assumed to be 34% for the ICE as well. In the mGT-wet the steam 
production is avoided due to low temperatures at the exhaust (148 °C). 
Moreover, as the mHAT is operated in dry and wet modes, steam is 
generated at nominal heat load at dry mode.

2.3. Economic model, optimization and uncertainties

The study designs the HRES system by determining the size of 
its components, such as the PV array, battery and heat pump, con-
sidering them as independent design parameters. The multi-objective 
optimization is performed using the Non-Dominated Sorting Genetic 
Algorithm II (NSGA-II) within the RHEIA framework developed by Cop-
pitters et al. [63]. This algorithm is chosen due to the system’s intricate 
and nonlinear characteristics. The optimization algorithm can choose 
to omit certain technologies, forcing their capacities to be zero. There 
are two quantities of interest: the Levelized Cost of eXergy (LCOX) and 
Self-sufficiency ratio (SSR). Other technical and social indicators are 
not included in the present optimization in order to maintain focus on 
the economic viability of prime movers in commercial HRES. Therefore, 
the multi-objective optimization problem is defined as: 

min
𝐱

𝐹 (𝐱) = [LCOX(𝐱),−SSR(𝐱)], (8)

with decision vector:

𝐱 =
[

𝑃PV, 𝐸bat , 𝑄HP, 𝑛PM
]

, (9)

where: 𝑃PV is the installed photovoltaic capacity [kWp], 𝐸bat is the 
battery storage capacity [kWh], 𝑄HP is the nominal heat pump capacity 
[kWth], 𝑛PM is the number of prime mover units. Symbol 𝑖 indicates the 
building type of the 3 cases.

Subject to the following bounds:

0 ≤ 𝑃PV ≤ 𝑃PV,max,i

0 ≤ 𝐸bat ≤ 𝐸bat,max,i

0 ≤ 𝑄HP ≤ 𝑄HP,max,i

𝑛PM ∈ {0, 1, 2, 3}

The LCOX accounts for the true quality of both energy (electricity 
and heat) streams in the system and is calculated as the total system 
cost per unit of exergy covered. The self-sufficiency ratio is used as an 
indicator of the extent to which the system meets its electrical demand 
without importing electricity from the grid over the year. In this study, 
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it serves as a proxy for grid dependence under varying electricity price 
conditions. They are defined as: 

LCOX =
CAPEXa + OPEXa + 𝐶r,a + 𝐶e,a + 𝐶g,a

𝑋demand
, (10)

SSR =
(

1 −
𝐸grid
𝐸load

)

× 100%, (11)

where CAPEXa, OPEXa are the annualized investment and operational 
cost accordingly; 𝐶r,a is the replacement cost; 𝐶e,a is the grid electricity 
cost; and 𝐶g,a is the gas cost when a prime mover is considered. 𝐸grid, 
𝐸load are the annual electricity provided by the grid and consumed by 
the building, respectively. The annualized capital expenses for each sys-
tem component, represented as CAPEXa, are calculated as follows [64]:

CAPEXa = CRF
𝑐
∑

𝑘=0
𝑁𝑘CAPEX𝑘, (12)

where 𝑐 refers to the different components (e.g., PV, battery bank, heat 
pump, prime mover, DC/DC converters, and DC/AC inverter) and 𝑁
represents the corresponding installed capacity. The Capital Recovery 
Factor (CRF) is determined using the annualized interest rate 𝑖 and the 
system lifetime 𝐿 (20 years) [65]: 

CRF =
𝑖(1 + 𝑖)𝐿

(1 + 𝑖)𝐿 − 1
. (13)

The system lifetime is typically chosen as a standard time horizon over 
which the performance and costs of the entire system are evaluated. 
This includes factors such as capital expenses, operational costs, and 
payback periods. In this case, the system lifetime is 20 years, which 
is common for energy systems like photovoltaic systems or other 
renewable energy setups. The annualized interest rate 𝑖 is adjusted for 
inflation 𝑓 from the initial interest rate 𝑖′ at the moment of the loan: 

𝑖 =
𝑖′ − 𝑓
1 + 𝑓

. (14)

This formula is derived from the Fisher equation and allows converting 
the initial interest rate 𝑖′ (which does not account for inflation) into 
the real interest rate, which reflects the purchasing power of money by 
considering inflation. It allows investors and borrowers to utilize the 
true cost or benefit of an investment or loan after considering inflation.

System components have different lifetimes, necessitating replace-
ments during the system’s operational life, which creates additional 
costs. The annualized replacement cost is described as [64]: 

𝐶r,a = CRF
𝑐
∑

𝑘=0

(

𝑁𝑘𝑅𝑐,𝑘

𝑟𝑘
∑

𝑙=0
(1 + 𝑖)−𝑡𝑡𝑘

)

, (15)

where 𝑟𝑘 is the number of replacements during the system lifetime for 
each component, 𝑡𝑡𝑘 is the replacement period and 𝑅𝑐,𝑘 is the future 
cost of replacement which is assumed to be equal to the CAPEX of the 
component.

The annual exergy output 𝑋demand is characterized by the sum of 
the annual exergy required for electricity (E), space heating (H), and 
steam (S) [40]: 
8760
∑

𝑖=1

∑

type
𝑋type
type , type ∈ {E,H, S}. (16)

While the electricity demand is met by the highest energy quality, 
the exergy required for H and S demand is scaled by their correspond-
ing Carnot coefficient 𝐹  [40]: 
𝑋type = 𝐹type𝐸type, type ∈ {H, S}, (17)

𝐹 = 1 −
𝑇ref
𝑇req

, (18)

where the reference temperature 𝑇ref corresponds to the ambient tem-
perature for each specific hour of the year, and 𝑇  corresponds 
req
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to the temperature required for H and S, set at 50 °C and 120 °C, 
respectively [35,59].

The electricity and gas prices are considered uncertain. Therefore, 
in this paragraph, the consideration of their mean values is discussed. 
The electricity price is modeled as a function of time. The electricity 
prices in Belgium for businesses at each quarter of the year are taken 
from the Global Petrol Prices database [66]. A linear interpolation 
between these values is performed to get the electricity cost at every 
hour of the year. The range of electricity costs throughout the year 
is between 151 e/MWh and 305 e/MWh. Also, the price for selling 
the excess electricity back to the grid is considered zero. This approach 
is adopted to preserve result generality and avoid reliance on location 
specific regulatory schemes. Given the increasing occurrence of low or 
negative electricity prices under high renewable penetration, exported 
electricity often carries limited economic value. This assumption there-
fore introduces a conservative bias against PV intensive and high self 
sufficiency designs, emphasizing system performance driven by on site 
energy utilization rather than market dependent revenues. A feed-in 
compensation approach and additional streams of revenue for services 
to the grid should be investigated in future studies. The system utilizes 
natural gas when the PM is considered. The gas price is taken from the 
same database as the electricity price, and it is considered uncertain, 
with a mean value of 82 e/MWh [66].

In this study, uncertainty quantification (UQ) is performed using 
the approach of non-intrusive PCE, utilizing the framework developed 
by Coppitters et al. [63]. PCE facilitates the creation of a surrogate 
model that approximates the actual system response. This model is con-
structed from a series of orthogonal polynomials whose coefficients are 
quantified based on the actual model’s output. Once these coefficients 
are determined, analytical post-processing allows for the extraction of 
the statistical moments (mean and standard deviation) and the Sobol’ 
indices. The standard deviation quantifies the overall variability of 
the performance metrics induced by uncertain inputs, while the Sobol’ 
sensitivity indices identify the relative contribution of each uncertain 
parameter to this variability. These indices are instrumental in evalu-
ating the impact of each uncertain parameter on the overall variance 
of the target metric. For further information, readers are directed 
to the referenced work by Coppitters et al. [63]. So, in this work, 
robustness refers to the sensitivity of the optimized system performance 
to uncertain input parameters. A design is considered robust when it 
exhibits a low standard deviation of LCOX under uncertainty propa-
gation, indicating limited performance variability despite fluctuations 
in economic and climatic inputs. Robustness is therefore assessed on 
Pareto-optimal solutions and is not related to control stability or fault 
tolerance.

Table  A.1 shows the mean and standard deviation for various 
climate (solar irradiance, ambient temperature), economic (CAPEX, 
OPEX, electricity and gas prices), and design conditions (𝜂DC∕DC, 𝜂DC∕AC,
COPHP) with their corresponding references. The UQ is performed on 
the Pareto fronts that are calculated with NSGA-II.

The computational budget and population size are fixed by the user 
in the NSGA-II optimization. Therefore, the population size is 30 to 
ensure a sufficient exploration of the design space. The number of CPU 
cores that are utilized is 24 and the number of generations is initially set 
at 250 for an effective exploitation. Each generation had a duration of 
approximately 17 sec and 250 generations lasted ∼71 min (duration of 
optimization). After the completion of 250 generation, the optimization 
continued to smoothen the Pareto fronts and the design variable curves. 
All those parameters are determined based on the indications of the 
documentation of RHEIA framework [63].

UQ is then applied a posteriori to the Pareto-optimal solutions 
obtained from the deterministic NSGA-II optimization. The PCE-based 
analysis is therefore carried out exclusively on optimized system de-
signs, with the objective of assessing their stochastic performance in 
terms of LCOX and self-sufficiency, as well as identifying the dominant 
sources of uncertainty through global sensitivity analysis.
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Table 2
A limit on the capacity of PV is introduced for the three studies based on the 
area of the rooftops.
 case roof area [m2] max PV capacity [kWp] 
 hospital 22 400 2160  
 office 46 300 4460  
 hotel 11 350 1095  

3. Results and discussion

This section is divided into three subsections. At first, the case of 
the hospital, then the case of the office building and at last the case of 
the hotel are presented. In all case studies, the results of multi-objective 
optimization regarding the LCOX and SSR are presented with the Pareto 
fronts. The results of the HRES without PM are compared with those 
when mGT and ICE are included into the system with a fixed capacity.

Based on market analysis, to keep realistic component sizes in 
commercial building, the design space of the parameters is constructed. 
Thus, the upper limit for battery and heat pump capacities is 18 000 kWh 
and 9000 kWth, respectively. More specifically, regarding the battery 
upper limit, further increase has minimum effect on the SSR and 
increases dramatically the LCOX. The PV capacity upper limit had also 
to be defined in this study. In this analysis, we assume that the floor 
area for each building taken from Open Energy Information’s [35] 
corresponds to the roof area. So, it is estimated that half of this area 
is effectively used for PV panel installation, which is an optimistic 
approach according to Ghaleb et al. [67]. As a result, the maximum PV 
capacity for the three case studies is presented in Table  2. The imposed 
PV area constraint reflects practical architectural limitations and avoids 
overestimating the contribution of on-site solar generation.

3.1. Hospital

3.1.1. Multi-objective optimization
The HRES layouts with a commissioned prime mover achieve lower 

LCOX than the PV/battery/heat-pump case (see Fig.  12). The Pareto 
fronts show the trade-off between LCOX and SSR for the dry mGT, 
mGT-wet, mHAT, ICE and the configuration without a prime mover. 
Uncertainty bands indicate the range of outcomes for the mGT, ICE and 
the no-PM case (1 std). Across all options, the SSR remains limited to 
about 30%, driven by the PV capacity constraint and the EMS logic 
described in the next paragraphs.

The configuration without PM presents an LCOX of 244 e/MWh 
at the lowest SSR (28.1%). The cases in which a PM is commis-
sioned (mGT, ICE) show lower LCOX in their lowest SSR. The con-
figuration of mGT has an LCOX of 226.9 e/MWh and the ICE case 
227.3 e/MWh. Therefore, it is revealed that in the hospital case, the 
system becomes more cost-effective as a PM is used. More precisely, 
the mGT case depicts the lowest cost of exergy production. The global 
sensitivity analysis in all three configurations presents the lowest stan-
dard deviation in the lowest average LCOX. The case of ICE shows the 
most robustness at that point with a standard deviation of 11.8 e/MWh, 
closely followed by the mGT (11.97 e/MWh) and the case without PM 
(12.47 e/MWh). Also, all cases have the maximum standard deviation 
at maximum SSR, around 18–19 e/MWh.

As the installed capacity increases, the SSR rises only slightly (from 
about 28% to 30%), while the LCOX increases significantly (from about 
227 to 336 e/MWh in the mGT case), and the lowest average LCOX 
corresponds to the most robust design. Therefore, the lowest average 
LCOX is chosen for the optimum designs for all cases (see the circles 
in Fig.  12). To explain the shape of the Pareto fronts of Fig.  12, it is 
necessary to present how the design variables (components capacities) 
evolve with respect to LCOX.

Fig.  13 presents the capacities calculated from NSGA-II to illus-
trate the Pareto fronts for the cases with and without PM. The PV 
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Fig. 12. The Pareto fronts between minimizing the LCOX and maximizing the 
SSR as five different technologies are considered in the hospital case. The UQ 
revealed that the most robust design is presented in the lowest mean LCOX. In 
the most robust designs, the LCOX is lower for the configurations that consider 
a PM. This is linked with the high heat demand which is presented in the 
hospital.

Fig. 13. Battery and heat pump capacities with respect to the LCOX with 
and without PM. The lowest LCOX is observed without the use of batteries. 
The highest LCOX is shown without heat pump. The mHAT system is avoided 
because it exhibits behavior similar to that of the mGT.

capacity is not depicted as it reaches a maximum (2160 kWp) for all 
configurations. Fig.  13 shows that as the battery capacity rises and 
reaches a plateau, the LCOX increases significantly for all cases. The 
opposite behavior is shown for the heat pump capacity. So the heat 
pump size decreases from 763 kWth in the case without PM and from 
534 kWth in the mGT case, to zero. As we move up in the Pareto front, 
the gain in SSR is very small compared to the LCOX penalty. Thus, 
the selected design point is chosen at the lowest LCOX with also the 
lowest standard deviation. At the desired design choice, the heat pump 
capacity is maximum, and the battery capacity is zero. This is a direct 
product of the EMS. As the electricity demand is satisfied by the PV, 
the excess energy is directed first to the heat pump to cover the heat 
demand in district heating, then to the electrical steam generator to 
cover for the high steam requirement and at last to the battery. As a 
result, at the lowest LCOX, the heat pump capacity is the highest, and 
there is limited excess electricity to be stored in the battery. The LCOX 
increases as the heat pump capacity decreases. As the heat pump goes 
to zero, the heat demand is satisfied mostly with the electric heater. As 
a result, the LCOX is increased dramatically. Also, the battery capacities 
are increasing with a reducing rate with respect to LCOX at high SSRs, 
which creates a bending point and linear behavior in the Pareto fronts 
of the all systems (see Fig.  12).

The LCOX and SSR are increased as the battery capacity rises. The 
maximum SSR is observed in the designs where the battery capacity is 
at the maximum and the heat pump capacity is zero. So, all the excess 
electricity from the PV at first satisfies the ESG and then is stored in the 
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Fig. 14. The combined gas cost and grid cost for steam in mGT and ICE are 
lower than the combined grid cost for heat pump and for steam in the case 
without PM.

battery. Therefore, the amount of stored energy when the heat pump is 
not used increases. The behavior of the sizes of heat pump and battery 
is also a result of the upper limit that is chosen in the PV capacity. 
A PV capacity that could satisfy the heat demand with the heat pump 
and electrical steam generator would allow the battery to store more 
electricity and thus increase the SSR. However, as the upper limit of the 
PV capacity increases, the simulation becomes less realistic because the 
available area for PV in a hospital is limited as we chose to utilize only 
the available area of the building.

Table  B.1 and Fig.  14 are used to portray the cost parameters of 
the optimum designs of different HRES and give a thorough view of 
the mechanisms affecting the cost. All the component, gas and grid 
costs are presented divided by the total demand in exergy to show 
the portions of the total LCOX. Observing the optimum results, the 
mGT case shows the lowest LCOX and the highest SSR. This is the 
result mainly of the high demand in steam, which is presented by the 
highest component cost of ESG and the electricity required from the 
grid to run the ESG (see ‘‘grid cost for steam’’ in Fig.  14). The mGT 
presents the lowest grid cost for steam (49.7 e/MWh) as it does not 
only generate steam with a HRSG at the nominal load but also utilizes 
part of its produced electric power to run the ESG. Also, the use of 
PM for the four cases diminishes the need of running the heat pump 
with electricity from the grid (grid cost for HP is 0.1 e/MWh). So for 
the case without PM and due to the low SSR, most of the time the 
produced PV electricity does not fulfill the electric demand and thus 
limited electricity is offered to run the heat pump and steam generator. 
This is shown in Table  B.1 as the grid electricity for heat production has 
the highest number (8940MWh) compared to the other systems.

The mHAT case shows the exact same results as the dry mGT case, 
except for an increased component cost of PM. This is the result of 
the demand profile of the hospital. The limitation in the PV capacity 
coupled with the high heat demand generate a scenario in which the 
demanded heat is rarely lower than 225 kWh in order to run the mHAT 
in wet mode. The results show that the wet mode of mHAT is utilized 
only 0.1% of the year. This indicates that the mHAT is not suitable for 
buildings with high heat requirements.

The mGT-wet shows the worst LCOX in this case. This is associated 
with its inability to produce steam with a HRSG. Fig.  14 shows that the 
grid cost for steam is increased compared to the other PM cases. Also, 
the cost of steam generator is elevated. However, this system uses the 
generated electric power of the mGT-wet to run the heat pump and 
steam generator, thus decreasing the grid electricity for heat compared 
to the case without PM. This behavior allows it to present comparable 
LCOX as the system with the employment of PM.

The ICE shows comparable results with the mGT system, as it 
presents a LCOX increased by 1.2 e/MWh and an overlap in the 
confidence interval. The ICE has higher requirements of grid electricity 
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Fig. 15. Top-5 total order Sobol’ indices of mGT and without PM. The case 
without PM is influenced mainly by the electricity price, whereas the mGT by 
the gas price.

for heat. As the grid cost for steam is increased as well, this indicates 
that the lower heat production of the ICE is the reason behind the 
higher LCOX. Therefore, the lower CAPEX and higher efficiency of this 
ICE compensates for the higher grid requirements for steam generation, 
placing this system closely to the mGT in terms of LCOX.

3.1.2. Global sensitivity analysis
A global sensitivity analysis is performed on the optimized designs 

of Fig.  12 to determine the main drivers of the LCOX. Thus, in the 
selected optimum designs (see the circles of Fig.  12), the Sobol’ indices 
are depicted for the case without PM and the mGT case. The other 
PM cases are not presented as they show similar results to the mGT. 
Fig.  15 presents the top-5 total order Sobol’ indices for the two cases. 
The main driver for the variability of the LCOX in the configuration 
without PM is the electricity price. This is because the heat pump and 
steam generator usually run with grid electricity to satisfy the heat 
demand. The LCOX of the mGT case is influenced mainly by the gas 
price, with a Sobol’ index of 0.49, followed by the electricity price, with 
an index of 0.45. In this case, the fuel is used to run the PM and together 
with the heat pump, they cover the heat demand. Consequently, the 
gas price has the most important role in the variability of the LCOX. In 
the mGT case, the second place belongs to the electricity price, as the 
system consumes 11.4GWh from the grid during the year to cover the 
remaining heat and electricity. In both cases, there are small influences 
from the inflation and interest rate. Also, the uncertainty in the COP 
of the heat pump affects slightly the LCOX behavior due to the high 
capacity of this component in the optimum design.

These results indicate that the increased LCOX in the HRES with-
out PM compared to the mGT and ICE is associated with electricity 
and gas prices. As the electricity price in Belgium is more than double 
the gas price during the year [66], it is cheaper to use a PM together 
with heat pump to cover the heat demand. This claim is confirmed by 
increasing the gas price in the mGT case and observing the behavior 
of LCOX. Therefore, if we consider an increased gas price by 50% and 
advancing it towards the reported prices for e-methane [68,69] the gas 
cost will be 123 e/MWh and the optimum LCOX is 253 e/MWh. Fig. 
16 shows the progress of LCOX as the gas price is increased with a 
25% step. Therefore, by the gas price increasing by 33%, the LCOX of 
mGT case matches the value of the case without PM (244 e/MWh). 
This means that the mGT system is still competitive against an HRES 
without PM for prices around 109 e/MWh and average electricity cost 
180 e/MWh for this specific case study. Thus, the lowest electricity-to-
gas ratio is 1.65. A further increase in electricity price penalizes more 
the case without PM because this system presents higher Sobol’ index 
compare to the mGT case.
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Fig. 16. The LCOX of the mGT system at various gas prices. As the gas price 
is increased by 33% the mGT system remains competitive again the HRES 
without prime mover.

Table 3
The LCOX and SSR are shown as the number of mGT units is increased. At 3 
units, the prime mover works fewer times at nominal load and less steam is 
generated from the HRSG, leading to lower SSR compared to 2 units. Thus, the 
3-unit case (shown italicized) yields a higher LCOX, not due to the additional 
unit but due to the EMS configuration, which is not optimized for this layout.
 Installed mGTs LCOX [e/MWh] SSR [%] 
 Single unit 227.3 28.3  
 2 units 214.5 47.5  
 3 units 229.9 39.26  

3.1.3. SSR vs number of units
As the number of PM units utilized in the HRES is increased, the 

SSR of the system should be increased. Table  3 presents the optimized 
LCOX and SSR as the number of units increases. For 2 units, the LCOX is 
decreased to 214 e/MWh because more heat demand is satisfied from 
the prime mover and more generated power is used to run the heat 
pump and steam generator. Also, the SSR jumps to 47.6% as more elec-
trical power that is generated from the prime mover is used to satisfy 
the electricity requirements. So, the system becomes less dependent on 
electricity prices and more dependent on gas prices. When 3 units are 
used, the SSR is 39.26%, and the LCOX is 229.9 e/MWh. So the SSR 
is not increasing as initially expected. This indicates that the mGT is 
operated fewer times at nominal conditions, as a result the HRSG is 
producing less steam compared to 2 units. The grid cost for steam is 6 
and 32 e/MWh for 2 and 3 units, respectively. More produced electrical 
power of the mGT is directed to satisfy the steam demand with ESG, 
resulting in lower SSR compared to 2 units. Thus, at 3 units, the EMS 
should be redesigned to account for each time a single unit works at 
nominal to and utilize the HRSG. However, this requires more complex 
modeling of the system and prime mover and it is out of the scope of 
this study.

3.2. Office

3.2.1. Multi-objective optimization
The office case has completely different characteristics of heat and 

electricity demands than the hospital case. The demand profiles are 
described thoroughly in the subsection ‘‘Climate and demand data’’ 
of the ‘‘Methodology’’ section. This case presents low heat demand 
compared to the electricity required. So, the effect of a PM on the 
LCOX for such demand profiles is studied. Also, for this case, there 
are no requirements for steam. In this case, the findings regarding the 
mHAT are expected to change. This is the only engine that is not heat 
driven. The other three prime movers are operated only when there is 
heat demand higher than the minimum generated thermal power (see 
Fig.  7). However, the mHAT decouples heat and electricity and run at 
constant electrical power at lower heat demands.
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Fig. 17. The Pareto fronts for the 5 HRES shows that the system with the 
lowest LCOX is the ICE due to the low CAPEX of this prime mover.

Fig.  17 shows the Pareto fronts for the five considered configura-
tions. All the different HRES show a sufficient range of SSR in the 
optimal designs. More specifically, the case without PM shows and 
SSR range from 29.6% to 68%. The design with the lowest LCOX 
(154.9 e/MWh) is shown at SSR = 35.16% and belongs to the ICE 
system. The adopted design for each HRES is chosen again at the lowest 
SSR, regardless of the steep increase of the Pareto front for low SSR 
and LCOX. This choice is made to ensure that the system with the 
lowest cost is determined, as the configurations have very close values 
of LCOX.

As shown in Fig.  17, for both ICE and mGT the LCOX is lower (see 
the circles of Fig.  17) than the case without PM in the selected design. 
The mGT shows a LCOX of 156.6 e/MWh and the case without PM 
156.9 e/MWh. Also, the mGT, ICE and mGT-wet show rather similar 
SSR with the mGT-wet to have the highest from the other two. The 
Pareto front of the mHAT presents increased LCOX (170.5 e/MWh 
at the selected design) but the highest SSR for all the other systems 
with same electricity-to-gas ratios (above 2). The lowest standard LCOX 
deviation for all the systems is shown at the lowest SSR, as in that 
design the system is more depended on the grid and on the capacity 
from the battery. The ICE is the most robust with a standard deviation 
of 7.4 e/MWh. The mGT has a slight higher std at 7.44 e/MWh. The 
case without PM shows 7.84 e/MWh as it is more influenced from the 
grid. The highest variability belongs to the mHAT because more fuel is 
used and thus is more affected by the gas price. This is confirmed by 
examining the total order Sobol’ indices. The mGT case has 0.677 for 
the electricity price and 0.114 for the gas price. While the mHAT shows 
0.154 for the electricity and 0.743 for the gas price. At the highest SSR, 
the standard deviation of all the systems increases around 54 e/MWh 
as the Sobol’ index for the CAPEX of the bank of batteries jumps to 88%. 
A detailed analysis on the capacities of the configurations is presented 
in Appendix  C.

The superiority of ICE in terms of cost is driven by its low PM 
component cost (3.5 e/MWh). The lower grid cost is compensated by 
the higher gas cost. Thus, the CAPEX of ICE is responsible for the lowest 
reported LCOX. The mHAT shows decreased grid cost for electricity 
compared to the other PMs, but the increase in gas cost is higher. 
The wet mode of the engine is used 40.6% of the year. Therefore, the 
mHAT only increases the grid independence for this demand profile 
with higher average electricity than heat. This boost in SSR occurs with 
a considerable LCOX penalty, however the other PM configurations for 
the same SSR show a LCOX around 235 e/MWh (see Fig.  17) Therefore 
at occasions in which the grid independence is necessary, the mHAT 
offers a very low LCOX penalty.
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Fig. 18. The Pareto fronts for the 5 HRES shows the superiority of the system 
without PM. The inclusion of PM lowers capacity from PV and more energy 
is produced using fuel and increasing the LCOX.

3.2.2. mGT vs ICE
The analysis of the office scenario reveals that the ICE configuration 

achieves better economic results than the mGT. Therefore, it is inter-
esting to determine the reduction in CAPEXmGT that is needed for the 
mGT scenario to match the LCOX of the ICE scenario. The calculations 
indicate that reducing CAPEXmGT by 24% would result in an equivalent 
LCOX to that of the ICE scenario. This reduction equates to a CAPEXmGT
of 873 e/kWe, which remains 28% above the CAPEXICE.

3.3. Hotel

3.3.1. Multi-objective optimization
The hotel case presents low heat and electricity demand than the 

other two case studies, with maximum demanded electricity near the 
nominal power of the prime mover at 422 kWe. Therefore, it is expected 
that the inclusion of a prime mover will produce a SSR close to 100%. 
Fig.  18 shows the Pareto fronts for the different energy systems. The 
lowest LCOX is depicted at 198.4 e/MWh and it belongs to the HRES 
without PM. The chosen designs are at the lowest LCOX as with the 
other cases to assist in the correct comparison of the technologies. 
This system also has the lowest SSR at 40.4%. The mHAT shows the 
second lowest LCOX and an SSR in between the other PMs and the 
case without PM. However, the results of mHAT should be analyzed 
further to draw any conclusion regarding it effectiveness in the hotel 
case. The other PMs (ICE, mGT, mGT-wet) show increased LCOX and 
a Pareto front near 100% self-sufficiency, which confirms our initial 
predictions. As with the other case, the mGT-wet presents again the 
highest cost at the optimal point, highlighting that this configuration is 
not suitable for CHP systems.

The case without PM presents also the lowest standard deviation 
(11e/MWh) in LCOX from the other cases at the lowest cost. The mGT 
case is more robust than the ICE as it presents a standard deviation 
around 25 e/MWh and the ICE 27.5 e/MWh at the lowest LCOX point. 
The Sobol’ indices for the case without PM reveal that this system is 
mainly influenced by the electricity price with a Sobol’ index of 0.63 
and by the COPHP with a Sobol’ index of 0.15 as the heat pump capacity 
is the highest in its Pareto front with 951 kWp. Also, the inflation 
and interest rate have 0.06 and 0.07 indices respectively. The mGT is 
significantly influenced by the gas price, with a Sobol’ index of 0.71 
and comparable values of inflation and interest rate. Also, the mGT 
shows its dependence with the electricity price by a Sobol’ index of 
0.1 as a small portion of the demanded electricity is covered from the 
grid. As with the office case, a detailed analysis on the capacities of the 
configurations is presented in Appendix  C.

The case without PM shows the lowest cost, as the presented grid 
cost for electricity and HP is 161.5 e/MWh (see Table  B.3). This 
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parameter is lower than the gas cost for PM and the grid requirements 
for the other cases. The ICE and mGT have a grid cost for electricity 
and gas cost of 180.5 e/MWh and 170.1 e/MWh respectively. Also, 
the superiority of the case without PM is shown by the energy provided 
from PV. The electricity by PV is 1170 MWh for this case and around 
877–878 MWh for the ICE and mGT. The mGT-wet presents low elec-
tricity from PV because its thermal output is lower than the dry mGT 
for the same electrical power. As the PM systems are heat-driven for 
the same amount of heat required, the mGT-wet produces more electric 
power and consumes more fuel. Therefore, lower PV capacity is needed 
for this case.

As the results of mHAT case are examined, it is shown that the 
wet mode of the cycle is never utilized by the energy management 
system. This is because the demanded electric power is never higher 
or equal than the nominal mGT electricity at that stage (see the green 
box of Fig.  4). As a result, water injection is never performed. Thus, 
the results simulate the mGT case but utilized fewer times per year 
and with a higher CAPEX. If the condition of the demanded electricity 
(being equal or higher than the nominal) is removed from the energy 
management system, the optimized LCOX and SSR for the mHAT is 
calculated to 310.2 e/MWh and 97.5%, respectively. These results 
confirm the increase in SSR that is expected by running the engine at 
nominal electric power. However, it is shown that the mHAT case is 
not suitable in terms of cost to be coupled with PV/batter/heat pump 
for electricity demands lower than the engine’s nominal power.

3.4. Discussion on limitations of EMS and on cost values

The energy management strategy applied in this study follows a 
fully deterministic, rule based structure. The dispatch logic prioritizes 
direct use of renewable electricity, then heat pump operation, followed 
by storage and finally grid import. This structure directly constrains 
the feasible operating space of the system and therefore shapes the 
resulting Pareto fronts.

In particular, the limited increase in self sufficiency observed across 
most Pareto fronts is a direct consequence of the EMS prioritizing heat 
production over electrical storage. Excess photovoltaic electricity is 
first allocated to the heat pump and steam generation, which reduces 
the availability of surplus electricity for battery charging. As a result, 
increasing battery capacity leads to marginal gains in self sufficiency 
but a steep increase in the levelized cost of exergy.

The EMS also enforces a standard heat driven operation of the prime 
movers [28], which limits their use in electricity dominant periods. 
This structural choice favors solutions with high heat pump capacity 
and low battery capacity at minimum cost points. Alternative EMS 
formulations, such as battery first dispatch or power driven prime 
mover operation, would likely reshape the Pareto fronts and shift the 
optimal designs. However, such strategies would require a fundamen-
tally different control formulation and are outside the scope of the 
present work.

Other constraints that could limit the generalization of the results 
should be stated. Excess electricity exported to the grid is assigned to a 
zero value, which avoids dependence on location-specific feed-in tariffs 
but could penalize PV-intensive and high self-sufficiency configurations 
such as the results of humidified engines. In addition, the photovoltaic 
capacity is restricted by the available rooftop area of each building, 
reflecting realistic architectural constraints. This limitation caps the 
achievable self-sufficiency and directly influences the Pareto fronts and 
the economic ranking of the optimal designs.

The LCOX values that are calculated in this study are consistent 
with reported cost levels for hybrid renewable energy systems in 
the literature. Although several recent works report levelized cost of 
electricity (LCOE) instead of LCOX, recent analysis on grid-connected 
PV–battery–hydrogen systems report LCOE values in the range of 
269–363 e/MWh [70]. Furthermore, studies including mGTs and ICEs 
for hydrogen backup applications indicate LCOE values between 800 
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and 1100 e/MWh [71]. In addition, LCOX-based assessments of hy-
brid PV–battery–heat pump systems under European conditions report 
values between 623 and 980 e/MWh [40]. Although direct numerical 
comparison is limited by differences in performance metrics, system 
boundaries and demand profiles, these results confirm that the cost 
levels obtained in this work are of the same order of magnitude. In this 
context, LCOX is used as a comparative indicator to assess different 
technologies under identical assumptions rather than as a tool for 
absolute cost validation.

4. Conclusions

This paper employs design optimization and uncertainty quantifica-
tion on a system that integrates photovoltaic arrays, battery storage, 
heat pumps, and two distinct prime movers, ICE and mGT. Targeting 
a hospital, an office and a hotel located in Brussels, this investigation 
handles their unique demand profiles. The optimization utilizes two 
objectives: minimizing the LCOX and increasing the system’s SSR. The 
study’s main focus is to compare the optimized designs without PM 
with those that incorporate PM regarding their calculated LCOX. Also, 
the economic results of the prime mover cases are compared in an 
uncertain techno-economic operating environment. The conclusions 
drawn in this study are specific to the investigated demand profiles, 
climatic conditions, and design constraints. The case study is limited 
to buildings located in Brussels, and the photovoltaic capacity is con-
strained to the available roof area in order to represent a realistic 
retrofit scenario.

1. Hospital case findings: In the hospital case, integrating a prime 
mover enhances the cost-effectiveness of the HRES, with the mGT 
configuration showing the lowest LCOX of 226.9 e/MWh and the 
highest SSR of 28.3%. The mGT’s ability to generate steam and run 
the heat pump and steam generator with its produced electricity leads 
to reduced reliance on grid power, lowering the overall cost. The 
mHAT configuration, although showing similar robustness, is used only 
0.1% of the year due to the high heat demand profile (demanded heat 
rarely less than 225 kWth), making the transformation from mGT to 
mHAT an unreasonable choice for this case. The mGT-wet, on the other 
hand, shows the highest LCOX among the PM configurations due to 
its inability to produce steam with an HRSG, leading to increased grid 
costs for steam. The ICE configuration, although is close to the mGT in 
terms of cost, has slightly higher grid requirements for heat. Thus, for 
hospital application with high steam demand, the mGT system emerges 
as the most efficient and cost-effective solution. Sensitivity analysis 
shows that LCOX is mainly driven by electricity prices in systems 
without PM and by gas prices in mGT systems. PMs with heat pumps 
remain cost-effective even at high gas prices. Introducing a second 
prime mover lowers both LCOX and increases SSR. Adding a third unit 
reduces SSR because it operates more often at part load, indicating that 
a different EMS strategy would be required for such a configuration.

2. Office case findings: For the office case, the ICE provides the 
lowest cost, with the mGT close behind. Both perform well because 
the heat demand is limited and electricity dominates, so electricity 
production acts as the main driver. The mHAT increases SSR but 
becomes more expensive due to its higher gas use as the wet mode 
is used at nominal conditions and no electricity is sold bac to the grid. 
Similarly, the mGT-wet also raises costs but offers only a small SSR 
increase.

3. Hotel case findings: For the hotel, the layout without a prime 
mover results in the lowest LCOX, and adding prime movers increases 
costs with limited benefit because the average electricity demand is 
lower than the nominal electric power of the PM.

4. Prime mover role in the HRES: The results show the potential of 
applying CHP units in buildings with high energy demands, provided 
that the mix of electricity and gas prices allows such configurations. 
The use of HRSG is a key parameter for the cost-effectiveness of the 
PM systems in the hospital case. Also in the office case, the PM systems 
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show exceptional cost-effectiveness on handling intermittent high heat 
demand. The cases with water injection present higher LCOX compared 
to the dry mGT in all three cases. However, the mHAT system can be 
applied if the user’s scope is to decrease the influence for the electricity 
price and redirect it to the gas price.

5. Future perspectives: Future work will extend the present frame-
work toward robust design formulations, in which system sizing de-
cisions are optimized directly under uncertainty. Such an approach 
would enable the identification of designs that remain robust across 
a wide range of economic, climatic, and technical conditions. Also, 
the integration of broader socio economic indicators could further 
enhance the assessment of system performance. Lastly, the integration 
of load scheduling in a weak-grid systems could be explored in future 
extensions of the framework.
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Appendix A. Parameters and uncertainties of the economic model

See Table  A.1.

Appendix B. Cost values for each case

The comparison of HRES configurations, with the presentation of 
energy and cost values for each case, is presented in the three tables 
below. Tables  B.1, B.2, B.3 show the results of the hospital, office and 
hotel respectively.
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Table A.1
Uncertainty characterization of the parameters in the economic model. All the 
uncertainty distributions are uniform.
 parameter mean std unit Ref.  
 Ambient conditions  
   ambient temperature, 𝑇amb var1 0.4 °C [33]  
 Energy costs  
   hourly elec. price range 151 − 305 13.9 − 28 e/MWh [66]  
   gas price 82 22.6 e/MWh [40,66]  
 PV array  
   CAPEXPV 475 125 e/kWp [40]  
   OPEXPV 17.5 1.5 e/kWp/year [40]  
 Battery  
   CAPEXbat 228 126.5 e/kWh [40,72]  
   OPEXbat 21.5 6.5 e/kWh/year [40,72]  
 Heat pump  
   CAPEXHP 550 250 e/kWth [73]  
   OPEXHP 0.6 0.6 e/kWth/year [73]  
   COPHP var2 0.25 − [48]  
 DC/DC, DC/AC  
   CAPEXDC∕DC 100 50 e/kW [40]  
   OPEXDC∕DC, OPEXDC∕AC 3 2 %CAPEX [40]  
  𝜂DC∕DC 92.5 1.5 % [74]  
   CAPEXDC∕AC 125 75 e/kW [40]  
  𝜂DC∕AC 90 0.5 % [75]  
 Electrical steam generator  
   CAPEXESG 450 150 e/kWth [38,76,77] 
   OPEXESG 16 1.6 e/kWth/year [38,76,77] 
 mGT  
   CAPEXmGT 1148 115 e/kWe [71,78]  
   OPEXmGT 14 1.4 e/MWh [53,71]  
 ICE  
   CAPEXICE 683 68 e/kWe [71]  
   OPEXICE 26 2.6 e/MWh [71]  
 Economic parameters  
   interest rate, 𝑖 6 2 % [40]  
   inflation rate, 𝑓 2 2 % [79]  
1 Ambient conditions vary every hour of the year.
2 COP is a function of 𝑇amb and varies every hour of the year.

Table B.1
Comparison of HRES configurations for the hospital case. The HRES coupled 
with an mGT shows the lowest cost and highest SSR due to its ability to 
generate steam and run the heat pump and steam generator with its generated 
electrical power. The mHAT shows the same results as the mGT because it is 
used only 0.1% of the year.
 parameters without PM ICE mGT mGT-wet mHAT 
 Energy [MWh]  
  Elec. by PV 2660 2660 2660 2660 2660  
  grid elec. for power 8140 8120 8120 8140 8120  
  grid elec. for heat 8940 3690 3290 4650 3290  
 Units cost [e/MWh]  
  total and replacement 18 18.7 19.5 20.1 19.7  
  PV 8 8.1 8 8.1 8.1  
  PV DC/DC 1.4 1.4 1.4 1.4 1.4  
  battery – – – – –  
  battery DC/DC – – – – –  
  HP 2.2 1.7 1.6 1.8 1.6  
  PM – 1.4 2.4 2.4 2.6  
  DC/AC 1.4 1.4 1.4 1.4 1.4  
  ESG 5 4.7 4.7 5.1 4.7  
 Grid, gas cost [e/MWh]  
  grid cost for elec. 107.1 107.0 106.9 107.1 106.9  
  gas cost for PM – 49.7 52.8 51.5 52.8  
  grid cost for HP 23.6 0.1 0.1 0.1 0.1  
  grid cost for heater 0.7 0.2 0.3 0.1 0.2  
  grid cost for steam 94.4 49.7 44.3 62.2 44.3  
 Objectives  
  LCOX [e/MWh] 244 227.3 226.9 244.3 227.5  
  SSR [%] 28.1 28.3 28.3 28.2 28.3  
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Table B.2
Comparison of HRES configurations for the office case. The HRES with 
ICE presents the lowest LCOX followed by the mGT and case without PM. 
The mHAT shows the highest optimized cost and SSR as it increases grid 
independence but also gas cost.
 parameters without PM ICE mGT mGT-wet mHAT 
 Energy [MWh]  
  Elec. by PV 1710 1650 1649 1642 1876  
  grid elec. for power 4000 3660 3695 3610 2552  
  grid elec. for heat 323 46.6 60.9 60.8 42.8  
 Units cost [e/MWh]  
  total and replacement 20.7 22.7 24.5 25.4 27.7  
  PV 12.6 12.2 12.2 12.1 13.9  
  PV DC/DC 2.2 2.1 2.1 2.1 2.4  
  battery – – – 0.01 –  
  battery DC/DC – – – – –  
  HP 3.0 2.1 1.5 2.5 1.8  
  PM – 3.5 5.9 5.9 6.4  
  DC/AC 2.9 2.8 2.8 2.8 3.2  
  ESG – – – – –  
 Grid, gas cost [e/MWh]  
  grid cost for elec. 124.7 112.7 113.9 110.9 79.5  
  gas cost for PM – 17.9 16.2 20.4 58.1  
  grid cost for HP 9.1 1.1 1.5 1.5 0.9  
  grid cost for heater 2.4 0.5 0.6 0.5 0.6  
  grid cost for steam – – – – –  
 Objectives  
  LCOX [e/MWh] 156.9 154.9 156.6 158.8 170.5  
  SSR [%] 29.2 35.2 34.5 36.0 54.8  

Table B.3
Comparison of HRES configurations for the hotel building.
 parameters without PM ICE mGT mGT-wet mHAT 
 Energy [MWh]  
  Elec. by PV 1170 877 878 131 1029  
  grid elec. for power 1390 152 208 210.5 827  
  grid elec. for heat 943 17.5 51.7 39.2 455  
 Units cost [e/MWh]  
  total and replacement 35 32.7 37.3 22.6 42.5  
  PV 18.6 13.95 13.97 2.1 16.4  
  PV DC/DC 3.24 2.43 2.43 0.36 2.85  
  battery – – – – −1  
  battery DC/DC – – – – –  
  HP 8.9 5.6 5.08 5.5 5.6  
  PM – 7.5 12.6 12.6 13.9  
  DC/AC 4.23 3.22 3.22 2. 3.75  
  ESG – – – – –  
 Grid, gas cost [e/MWh]  
  grid cost for elec. 95.4 9.9 13.4 14 54.8  
  gas cost for PM – 170.6 156.7 205.8 75.2  
  grid cost for HP 66.3 0.83 2.7 2.4 30.4  
  grid cost for heater 1.83 0.27 0.69 0.17 0.53  
  grid cost for steam – – – – –  
 Objectives  
  LCOX [e/MWh] 198.4 223.9 226.3 261.4 203.3  
  SSR [%] 40.4 93.5 91 91 64.5  

Appendix C. Capacities of office and hotel cases

The capacities of the configurations in the office case are presented 
in Fig.  C.1. All the designs show similar behavior. The PV and bat-
tery capacities increase as the LCOX and SSR rise. Moreover, at the 
maximum LCOX, the heat pump capacity is forced to zero for the case 
without PM to allow for the battery to store more electricity. The heat 
pump capacity for the cases that employ a PM at the maximum LCOX 
to enable the PM use more electricity to satisfy the demand and less to 
run the heat pump. However, the heat pump is kept almost constant for 
the majority of the designs. The ICE presents lower heat pump capacity 
than the case without PM at low LCOX. This sharp increase of the 
Pareto fronts at low LCOX (especially in the case without PM between 
29.5% and 35% of SSR) is explained by the increase in PV capacity at 
the same region.



A. Gaitanis et al. Energy Conversion and Management: X 30 (2026) 101765 
Fig. C.1. PV, battery and heat pump capacities as a function of LCOX for 
the case without PM, ICE and mHAT. In the selected design (see the circles), 
the PV capacity is maximized for all cases. The ICE shows lower heat pump 
capacity at low LCOX than the system without PM.

Fig. C.2. PV, battery and heat pump capacities as a function of the LCOX for 
the case without PM, mGT and mHAT. In the selected design (see the circles), 
the PV capacity is not maximum for all cases. The presence of PM lowers 
the optimal PV capacity to utilize more electricity which is produced by the 
heat-driven PM.

The capacities in the Pareto fronts for the mGT, mHAT and case 
without PM are presented in Fig.  C.2. The other prime mover cases 
are not shown, as they present similar trends. As the LCOX and SSR 
increase, the PV and battery capacity rise to satisfy higher percentages 
of demanded electricity. The PV capacities reach the maximum PV 
capacity, which was set by the optimizer (see Table  2) at low LCOX. For 
the mGT case at optimum LCOX the PV is lower than the case without 
PM. As the PM is forced into the HRES design and its capacity is fixed, 
the optimizer decreases the PV capacity to lower the cost. This is a 
result of the EMS. The prime mover is heat driven, thus the produced 
electricity satisfies the demand and then is stored or lost. As the battery 
capacity is zero at the optimal point, with higher PV capacity, more 
electricity from PM is lost. As a result, the PV capacity is decreased and 
more electricity is produced, influenced by the gas price. The behavior 
of mHAT’s PV capacity falls in the middle of the case without PM and 
the mGT highlighting that the wet mode of this configuration is not 
utilized sufficient times and the system presents a behavior in between 
the case without PM and the mGT. The mHAT system is analyzed 
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thoroughly in the next paragraph. The battery capacity experiences 
a monotonous increase towards the maximum value and maximum 
SSR. The presence of prime mover decreases the required heat pump 
capacity. However, the heat pump capacity remains constant as the 
LCOX increases due to the fact that when a PM is employed, its 
operation is connected with the heat pump. More specifically, when the 
electricity demand is covered by the PV and the heat demand remains, 
the PM runs to produce heat and use its electricity output to run the 
heat pump.

Data availability

Data will be made available on request.
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