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Abstract:

Ground Source Heat Pumps (GSHPs) are used for space heating and cooling. They form a Renewable Energy
System (RES), combined with Ground Heat Exchangers (GHEs) to extract or reject heat from/to the ground.
GHEs come in various types such as vertical or horizontal. Compared to conventional Air Source Heat Pumps
(ASHPs), GSHPs, although having a higher installation cost, exhibit a higher coefficient of performance (COP).
The aim of this paper is to address whether it is economically feasible to install a GSHP as an alternative to
an ASHP. In addition, as the environmental impact of a system does not lie in a single aspect, e.g., the cost or
COP, it is also useful to identify whether a GSHP system is indeed a sufficiently overall greener solution than
an ASHP system. To this end, a case study of a residential building with nearly Zero Energy Building (nZEB)
characteristics, for certain heating and cooling loads is considered in Mediterranean, Central and Northern
Europe climate conditions. Using GLD software, a GSHP system is studied for a typical vertical U-tube GHE
configuration to estimate the length of the boreholes and the COP of the systems. Then, an environmental
impact analysis is presented for different GSHP systems in comparison to ASHP systems. The systems
undergo a Life Cycle Analysis (LCA), with the annual heating and cooling load as functional unit. The openLCA
software is used with the ReCiPe method with a mid-point perspective. The Global Warming Potential impact
category is studied. Finally, a cost analysis is presented for the GSHP systems in comparison to ASHP systems
and the total energy savings is obtained per case. Hence, the cost breakeven point is estimated per case and
is used to assess the viability of each system. It turns out that ASHP systems of specifically designed inverter
technology ducted series HP can be highly competitive with GSHP systems.
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1. Introduction

The 2020-2030 projections, consistent with scenario ranges in the staff working document accompanying the
‘Fit for 55’ policy package, represent indicative intensity levels that would allow the European Union (EU) to
achieve a net 55% reduction in greenhouse gases by 2030, compared with 1990 [1]. Geothermal energy is a
form of renewable energy that exists for many years, but has only recently gained more attention in the fight
against the greenhouse gas emissions.

Shallow Geothermal Energy (SGE) systems can be categorized as Renewable Energy Systems (RES) and
find application through the use of Ground Source Heat Pumps (GSHPs) for space heating and cooling.
GSHPs comprise a Ground Heat Exchanger (GHE), which is a network of tubes positioned in the ground,
coupled with a heat pump. GHEs are essentially the structure where heat is rejected/extracted to/from the
ground, and come in vertical or horizontal types, and several configurations. The GSHP systems outperform
the conventical air-to-air heat pumps or Air Source Heat Pumps (ASHP), in terms of the efficiency [2]. However,
there are several factors that affect the performance of GSHP systems, depending on the location, geothermal
properties and the available land [3-6]. Residential GSHP systems conventionally use the vertical type GHEs,
which are easy to install when the available land is not ample.

Recent research has focused on the optimization of GSHP systems in terms of reducing the length of the
GHEs (i.e., the tubes), which constitutes the highest capital investment on a GSHP system. GSHP installations
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were reported to have increased with an average rate of about 20% annually since the year 2010 [7]. Based
on the literature, it seems that GSHP may or may not be a cost-effective solution for heating and cooling a
home, depending on many factors. One such important factor is the performance of ASHPs, which has
increased significantly through technology in recent years. Other factors may be the specific area of the house,
the location and the climatic conditions, the orientation, the building materials, the insulation, the behaviour of
the inhabitants, the country’s legislation [8]. Recently, Christodoulides et al. [9] addressed the debate on
whether it is economically feasible to replace or install a GHSP as an alternative to an ASHP. The study
examined two important factors, namely the efficiency of modern ASHPs, which play a crucial global role, and
the heating and cooling load of a typical house in moderate climate Mediterranean conditions. More studies
on whether using a GSHP is an economically favorable solution can be found in [9].

Until recently, residential heating and cooling systems used to be selected by the building’s owners, based on
the capital and the energy costs [10]. Nowadays such decisions are more and more frequently based upon the
life cycle costs, with the environmental issue also becoming an important concern. Multi-criteria decision
analysis tools have been used in the literature for the selection of either the best available RES alternatives
[11] or the most appropriate technologies in residential buildings [12], considering environmental and economic
criteria. A sustainable selection of a hybrid RES has become a possibility even for low income households
[13]. The environmental impact of heating and cooling systems could play a key role in choosing the right
energy system. Environmental impact evaluation is usually performed though the methods and tools of Life
Cycle Analysis or Assessment (LCA). LCA can be divided into four steps: (i) system boundaries, (ii) life cycle
inventory, (iii) Life Cycle Impact Assessment (LCIA), and (iv) analysis of the results.

A notable example of LCA comparison between ASHPs, GSHPs, Water Source Heat Pumps (WSHPs) and
gas boilers was conducted by Greening and Azapagic [14]. ASHP and WSHP were the HPs with the highest
and lowest environmental impact respectively. Individual environmental impacts examined included Abiotic
Depletion Potential elements and fossil, Acidification Potential, Eutrophication Potential, Fresh Water Aquatic
Eco-Toxic Potential, Global Warming Potential, Human Toxicity Potential, Marine Water Aquatic Eco-Toxicity
Potential, Ozone Layer Depletion Potential, Photochemical Oxidant Creation Potential, and Terrestrial Eco-
Toxicity Potential. The authors concluded that the gas boiler exhibited a generally better impact compared to
the ASHP. Among HPs, GSHPs and WSHPs performed better than ASHPs. Operation had the main
contribution on the impact, with 84%.

Another study related to the environmental impact of GSHPs was presented by Blum et al. [15] who
investigated the CO2 savings of GSHPs during operation. The authors demonstrated that the use of a GSHP
system, within the German electricity mix, had a CO2 saving ranging from 1800 to 4000 kg per year and 65
gCO2/kWh.

Note that, as stated by Rawlings and Sykulski [16], a “globally” accepted cost and environmental impact
analysis of GSHPs is not feasible as direct comparison between different countries or regions cannot be
established due to the economies of scale. Other important issues affecting the economic analysis comparison
of technologies among different countries, may include macroeconomic indicators, technology maturity, energy
prices, and government incentives [8,17].

The current study aims to address whether it is environmentally and economically reasonable to installa GSHP
as an alternative to an ASHP. This novelty is expressed as a comparison among different case studies in
Europe and whether some countries have an advantage of using the geothermal energy to address their goals
for CO2 reduction. To this end, a case study of a residential building with either nearly Zero Energy Building
(nZEB) characteristics, for certain heating and cooling loads is considered in both Mediterranean and Central
Europe climate conditions. The methodology for the system characteristics, the environmental impact
parameters and hew economic considerations are described in the next section 2, where the results are
discussed in Section 3.

2. Materials and Methods

GSHPs’ higher initial costs compared to ASHPs is directly related to the length of the GHEs and the proper
designing of the system. In order to achieve correct estimation of the GHEs, quality data are required, such as
the heating and cooling loads of the building and the ground thermal characteristics. Detailed features
regarding the modeling aspects of SGE systems can be found in [3]. The buildings’ heating and cooling loads
vary for each case as these depend on the location of the building, the masonry characteristics, the usage of
the building, and the locations’ weather conditions. The Climate zones in Europe in conjunction with the energy
performance of buildings were presented by Tsikaloudaki et al. [18]. The authors presented five European
zones based on the Cooling and Heating Degree days. These zones were later used as a base by Rivoire et
al. [19] to estimate heating and cooling loads of the same case study in six European countries, through the
use of TRNSYS software.

Regarding the present study, the buildings’ thermal characteristics under investigation are presented in Table
1. Note that, such highly insulated cases fall under the characteristics of the nearly Zero Energy Buildings
(nZEB), which are currently (after the year 2020) mandatory in most EU countries.
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Table 1. Buildings’ Thermal Characteristics, modified from [19].
U-Value [W m—2K-]

External wall 0.28
Under-roof slab 0.51
Roof 0.24
Floor 0.15
Windows 1.43

The same data were incorporated by Bartolini et al. [20] into the EED (Earth Energy Designer) software for the
estimation of the GHEs’ length based on different refrigerants (antifreeze solutions). The authors demonstrated
that using 20% calcium chloride as an antifreeze solution in the circulating fluid, leads to reduced greenhouse
gas emissions compared to using 25% propylene glycol. The former is the least carbon-intensive choice for
refrigerant in the northern areas (heating-dominated cases). Pure water, as a GHE circulating fluid on the other
hand, is the ideal solution for the reduction of the greenhouse gas emissions, but it must be noted that it can
only be used with cases that are not with high heating demand (such cases could be in southern Europe).

For the estimation of the GHESs’ total length and the Coefficients of Performance (COPs) of the systems for
five selected cases in Europe, the GLD (Ground Loop Design) software was employed. GLD (Thermal
Dynamics Inc., MN, USA) is a commercially available package for professionals in the industry of designing
GSHP systems. The heating and cooling loads incorporated were based on the data by Rivoire et al. [19]. For
simplifying the study, only the vertical type GHEs are considered; specifically, the basic single U-tube GHE
configuration is used for all cases/ countries. Vertical type single U-tube GHEs are widely used as conventional
type GHEs in residential areas [2]. All cases were considered to have the same GHE materials and design
parameters, including Calcium chloride 15% solution as refrigerant (anti-freeze fluid) to cover the low
temperatures of the Northern countries. The pipes examined are the 32mm outer diameter P100 SDR11-0OD,
in a 200mm diameter borehole and a mixture of bentonite grout. The HP selected for each case varies with
country, as there are different loads in each case and the selected HP is based on the peak loads. The selected
HPs’ capacity for each case to satisfy the peak heating or cooling load are 10.5 kW, 7.8 kW, 9 kW, 12.4 kW,
14.7 kW for the cases of ES, PT, IT, DE, and SE respectively.

The next step is the evaluation of the environmental impact of the systems in each case. This is achieved with
a Life Cycle Analysis (LCA) and a Life Cycle Impact Assessment (LCIA). The LCA method is used to determine
the environmental impact of products and processes, through different inputs (flows) and outputs of each
product/process. A general basic flow and the methodology followed for the LCA is similar to Aresti et al. [21],
where details can be found. The LCA principles and framework are described by ISO 14040 [22] and ISO
14044 [23].

The environmental impact of the system was performed using the openLCA software with the Ecoinvent 3.6
database and the cut-off system model [24,25]. OpenLCA is a freeware platform where the user can either
incorporate a commercial database, e.g., Ecoinvent 3.6, or can incorporate their own flows, processes and
products. The steps to follow through the LCA method are: (i) determining the goal and scope of the system,
(i) defining the Life Cycle Inventory (LCI), and (iii) performing the LCIA; all the above are done before the
analysis and interpretation of the results. During step (i) the overall scope is set along with the Functional Unit
(FU) and the system boundaries, on which the following steps will rely on. The overall scope here is to compare
the environmental impact difference between the GSHP systems and the ASHP system for residential use.
The heating and cooling loads required to satisfy a residential 3- bedroom detached house of 220m? area, is
set as the FU. Note that the heating and cooling loads for each country differ, but the FU does not refer to the
actual values of heating and cooling loads but rather to the need to satisfy the loads required by the residential
building owners. The choice of this FU is based on similar selections previously applied [21,26-28]. A cradle
to the grave assessment is followed, with the processes including the manufacturing of materials and the
installation of the GHEs, as well as the operation of the systems. The transportation and maintenance are not
included in the boundary conditions, as they were found to be negligible in a previous study [21].

The LCI for the GSHP systems were set by selecting the required input and output flows through the Ecoinvent
3.6 database. Table 2 describes the selected inputs and processes. The processes and flows used account
only the difference in materials, products or processes between the GSHP and the ASHP system. The material
(products, processes and flows) are kept the same for all cases but with varying GHE length to satisfy the FU
as estimated by the GLD software. Differences exist in the operation procedure as well. In order to accurately
capture the difference of the renewable energy share in each case, the electricity mix of each case/country is
considered by using data from Eurostat [29]. Naturally, the renewable energy share plays an important role in
the reduction of kg CO2-eq. Fig. 1 demonstrates the energy mix share per country based on simplified energy
balances. Note that Sweden (SE) demonstrates the highest percentage of renewable energy share, also the
highest nuclear energy share, having also the highest heating demand in comparison to the other cases. It
also should be noted that in practice, for cases of very low ambient temperatures (such as the SE case in this
study), the ASHP system may require an additional preheating by a gas boiler, for example. Such cases are
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not examined in this study, and the ASHP system is assumed to cover the heating demand without any
additional equipment.

Table 2. Life Cycle Inventory per FU.

Life cycle Stage Input Amount per FU Unit Unit process

/ Process

Materials HDPE pipes Depending on the [m] polyethylene pipe

production GHE type and city production
Tube Insulation 6 [ka] tube insulation

production, elastomer
Refrigerant Calcium Depending on the [kal Calcium chloride
chloride pipe length production
Manifold 6.6 [kq] brass production
Grout Depended on [kg] bentonite quarry
borehole length operation
Installation Excavation and drilling 7 hours/ 100m [h] machine operation,

diesel = 74.57kW,
high load factor

Operation Heating and Cooling Depending on the [kWh] data from Eurostat
case/ city [29]
1.0
.
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0 ES PT IT DE SE
Other (%) 0.3 0.5 1.8 0 0
u Nuclear (%) 12.8 0 0 5.7 241
= Natural Gas (%) 23.6 23.5 40.5 26 2.6
H Petroleum Products (%) 44 43.7 32.9 35 21.9
Solid Fossil Fuels (%) 3.1 3.4 4.4 17 5
Renewable (%) 16.2 28.9 20.4 16.3 46.4

Fig. 1. Energy Mix per country/ Zone for the year 2020; data from Eurostat [29].

Moreover, the LCIA is responsible for evaluating the environmental impacts by converting the LCI data into
potential impact categories. There are several methods available in the literature and in the Ecoinvent
database to use for the LCIA, with each methodology based on different approaches. Two main approaches
are the mid-point impact perspective and the end-point impact perspective [30-32]. ReCiPe is an available
method, selected in this study, which provides a harmonized methodology for both perspectives [33]. Based
on the goal and scope of the current study, the impact category of interest would be the Global Warming
Potential (GWP) provided by the mid-point perspective, as GWP is possibly directly responsible for the climate
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change and, also, a factor related to EU’s target of lowering the CO2 emissions. The indicator for GWP from
a mid-point perspective is the kg CO2-eq.

Finally, in addition to the LCA for the environmental impact, in order to examine the viability of such an
investment, the GSHP systems are compared against the ASHP systems. A different approach is followed
here by, instead of using the initial capital cost and apply the Simple Payback Period (SPP) method, the capital
cost is estimated as the value based on the cost viability of the system with 3, 4 and 5 years of steady payback
periods. Details of the SPP methodology can be found, for example, in [9]. The electricity price inflation is not
considered nor a bank loan interest is applied. The operating costs of the two systems under examination,
namely the GSHP and ASHP systems, are calculated with the electricity prices obtained from Eurostat for the
first season of year 2021 [34]; all taxes and levies are included in the available prices.

3. Results and Discussion

In order to procced with the estimation of the environmental impact of the systems and the cost analysis, firstly
the sizing of the GHEs is estimated using the methodology described in the previous section with the GLD
software for each case. The results are shown in Table 3, where ES and SE exhibit a higher total borehole
length, due to the higher cooling and heating peak demand respectively.

Table 3. Length estimation for the GHEs for each case.

Case/ City, Country Total Borehole length [m]
Seville, Spain (ES) 216
Lisbon, Portugal (PT) 153
Bologna, Italy (IT) 151
Berlin, Germany (DE) 161
Stockholm, Sweden (SE) 215

Additionally, based on the heating and cooling loads and the selected HPs in each case, the COPs per season
per country/zone are therefore estimated and presented in Fig. 2. It should be noted that the COPs for the
ASHP systems are assumed values, whereas the GSHP systems COPs are estimated by GLD. As for the
most-northern case, SE, there is no demand for cooling, the cooling COP is not estimated. Very similar heating
COPs are observed in all cases, in the range 3.7—4.7 for heating COPs, and 4.7-6.0 for cooling COPs.

7.0
6.0
5.0

o 40

o)

O30
2.0
1.0

0.0
ES PT IT DE SE

—@— GSHP heating COP —@— GSHP cooling COP
ASHP heating COP —<—ASHP cooling COP

Fig. 2. Heating and cooling loads of the investigated case study in 5 different European zones.

The data estimated by GLD, namely the GHEs length and the COPs, were then used as inputs to the openLCA
software to estimate the environmental impact for each system in comparison to the ASHP system. The impact
category under examination is the GWP, which is directly connected with the climate change, having an impact
on the air quality and the ecosystem. It can occur during all processes, but the most important one is the
operation process as it is effective for the longest period of time, during the whole operating life of the system,
assumed at 15 years.
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The results for the mid-point perspective of the GWP for all cases/zones are presented in Fig. 3. The operation
of the system, as expected, produces the highest impact among all processes, mainly due to having the longest
time duration. This is in line with previous findings [14,27,28], where the operation process has recorded the
highest impact among processes. This expectancy however does not apply to all cases/zones. In the case of
SE, it can be seen that the operation process produces the lowest emissions among processes. This is
explained by the low usage of fossil fuels and petroleum product in the electricity mix of the country. One would
expect that the higher heating demand required by a northern country would also translate into higher
emissions.

Thousands

kg CO2-eq
oo

, 1 ®m m u B
ES PT IT DE SE
mmanufacturing minstallation operation

Fig. 3. GWRP for the lifetime of the systems with kg-CO2-eq emissions of all GSHP system for each case/ zone
for the manufacturing, installation and operation of the systems, per FU.

When the annual emissions of the GSHP systems of all cases are compared to the ASHP systems, the annual
savings for the operation processes, which is essentially the difference between the GSHP system emissions
and the ASHP system emissions, can be estimated, as shown in Fig. 4.

1800
1600
1400
1200
1000
800
600
400
200
0

annual kg CO2-eq

SE PT ES IT DE

= GSHP Operation ASHP operation ~ --eeeeeee Annual Savings

Fig. 4. GWP of annual kg CO2-eq emissions for the operation of the systems per FU.

In order to justify the switch from ASHP to GSHP systems, a direct comparison in the lifetime of the system is
performed. Such comparison can be seen in Fig. 5, where a percentage difference is presented for the
operation process. It is clearly illustrated that the GSHP systems of higher COP, consequently emit lower kg
CO2-eq emissions. Also, where higher heating demand is required (northern countries) a further percentage
reduction is achieved; see for example SE with about 50% reduction compared to ASHP. Actual values
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demonstrate a different story, as shown in the previous Fig. 4; see for example ES with 111 kg CO2-eq but
only 32%, versus SE with 37 kg CO2-eq and 50%.

1.2

0.8
0.6
0.4

0.2

ASHP ES PT IT DE SE

operation

Fig. 5 Percentage difference of the GWP between the ASHP system and the GSHP system for each case/zone
per FU.

In addition to the HP, a GSHP system contains the GHEs and additional equipment and materials, as
discussed in Section 2. Therefore, the overall comparison between the ASHP and the GSHP systems requires
the installation process and manufacturing process of the system. This comparison is presented in Fig. 6. The
results now deliver a different statement compared to the previous results. When the manufacturing and the
installation processes are accounted for, the overall image shows that the GSHP systems do not provide a
lower environmental impact (in the lifetime of the system) in all cases/zones. The installation process,
previously found in the literature to be close to 6% of the overall impact [21], can be seen to be close to 43%
in the case of SE, 22% for PT, 22% for ES, 10% for IT, and 6% for DE. Therefore, the electricity mix of each
country plays a vital role in the environmental impact difference between ASHP and GSHP systems. When a
country exhibits an independency from fossil fuels and petroleum products in the electricity mix, as the case
of SE where the environmental impact of the GSHP system exhibits four times more emissions than ASHP
system, the discussion to switch from ASHP to GSHP could not be justified solely on the environmental impact
on the system. However, in the cases where the electricity mix of the area relies by a high percentage to fossil
fuels (examples are the IT and DE cases), then there would be a beneficial environmental investment when
switching to GSHPs.

2.5
1.5

0.5

. ]
0 1 | —
PT

ASHP ES IT DE SE

® manufacturing minstallation operation

Fig. 6. GWP impact for the manufacturing process of the boreholes (GHEs), with the ASHP representing 100%
per FU.
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The main point in a decision making is the overall cost of the system and whether the investment would start
paying off in a reasonable time frame (say, in less than five years). The methodology explained in Section 2
relies on the SPP, but instead of having as an input the capital cost, the estimation relies on what would the
capital cost have to be in each case, so that the system will be profitable in the 3-5 years range of operation.
Economic assessment of the GSHP systems have been performed by many researchers and the results vary,
depending on the location, the design of the system, and the labor cost in each country [9,35-38].

The main difference in the cost between an ASHP and a GSHP system is because of the GHE and the
associated equipment and processes, such as the borehole extraction, U-tube GHE, grout material, ground
loop installation, header flow meter valves, horizontal pipe circuits, as well as other general expenses. The
capital invested initial costs is the sum of the costs of the GSHP, mechanical room installation, drilling, piping,
ground loop installation, fittings, etc. The operating costs include cost due to electricity consumption by the
HP, the heat transfer fluid circulation pump and the backup heating/cooling system.

For the cost evaluation of the GSHP system, only the operation cost will be considered, therefore the electricity
price for each location/zone is required. The electricity prices history since 2016, in euro (EUR), including all
taxes and levies obtained from Eurostat [34], are presented in Fig. 7; the first season (S1) of year 2021 was
used in this study, where it is assumed that the prices are steady (which in reality, this is not the case).

0.35
03 WNW\M
z
0.25 »
3£ 3¢ ne —X———X —X—
o I e et Germany
= 0.2 —>— Spain
X
5 0.15 ItaIy
o
2 0.1 —— Portugal
3 Sweden
0.05
EU27
0.
& L, g o F o F g I K
o A A ¥ ¥ o o o o N
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Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv

Fig. 7. Electricity prices per kWh in EUR per country, including all taxes and levies, since 2016.

Table 4 presents the proposed cost of the GSHP system, in terms of difference from the ASHP system and
the annual savings achieved. The annual difference in operation between GSHP and ASHP systems depends
on the efficiency difference of the systems and hence the COPs of the systems. The annual cost savings can
therefore be estimated according to the prices shown in Fig. 7 and the annual operation difference in kWh (see
Table 4). It can be clearly stated that the northern cases, having a higher heating demand, also have higher
annual savings due to the performance difference of the systems. Another factor that has a high impact is
clearly the cost per kWh. For example, the case of DE, having the highest cost per kWh (among the studied
cases) suggests that the savings would also be higher. It can also be observed that the cases with a high
share of renewable energy in the electricity mix do exhibit a lower cost per kWh of electricity, like the case of
SE.

Table 4. Cost saving between the GSHP and the ASHP system for each system during the operation of the
systems, excluding the capital cost.

Costper  Annual Annual Savings Savings Savings Savings  Savings
kWh difference savings 3rd year  4th year 5th year 8th year 12th year
[EUR] [kWh] [EUR] [EUR] [EUR] [EUR] [EUR] [EUR]
ES 0.2323 789 183.24 549.72 732.96 916.20 1099.44 1282.68
PT 0.2089 422 88.25 264.75 353.00 441.26 529.51 617.76
IT 0.2259 1080 244.00 731.99 975.99 1219.99 1463.99  1707.99
DE 0.3193 2287 730.19 2190.56  2920.75 3650.94  4381.12 5111.31
SE 0.1791 4305 771.05 2313.16  3084.21 3855.26  4626.31 5397.37
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Following the results above, it can be concluded that for the GSHP system to be cost effective compared to
the ASHP system, one would expect to invest an amount lower than 550 EUR (see PT and ES), a non-realistic
amount. Regarding northern countries, the cases of DE and SE, with savings higher than 3600 EUR for a 5-
year payback period, could potentially be viable, considering the actual cost of a GSHP system (see [9,15]).
Realistically however, for the northern countries, a payback period of 8 years or higher is required, while for
the southern countries even a payback period of 12 years is not sufficient to cover the cost difference of the
systems. This is in line with previous findings for a typical case study in Cyprus, where long payback periods
of 20 years are recorded [9]. Other cases studied have also reported similar results for GSHP systems to
become a profitable investment in comparison to ASHP systems [36,38,39].

4. Conclusions

This study has followed five case studies (one per zone) in Europe to firstly investigate the environmental
impact of GSHPs in comparison to ASHPs, and secondly to assess whether the GSHP system could be a
potentially viable solution. For comparison reasons the 5 case studies examined were based on the same
residential building, namely a three-bedroom detached house with nZEB characteristics, but with different
ambient temperatures and ground thermal characteristics. The estimation of the GHEs was performed in the
GLD software environment and the environmental impact of the systems using the openLCA software.

Initially the GHESs’ length and the systems’ COPs were estimated in order to be used as inputs for the
estimation of the environmental impact. GWP was used as an impact category with a mid-point impact
perspective using the ReCiPe method. The FU for this study was set as the heating and cooling loads
(demand) necessary to satisfy the need of the building for each case/EU zone. To this extent, the electricity
mix of each country was incorporated for the operation process of the systems, while the manufacturing and
installation was also considered. The main difference during the manufacturing and installation of the GSHP
system lies in the presence of the GHEs.

GWP has indicated that in countries/cases where the renewable energy share in the electricity mix is high, like
the case of Sweden (SE), a higher environmental impact is expected, of up to 2.5 times higher than for the
ASHP system. The case of a GSHP system in SE on the other had exhibits also the highest heating demand
and also the highest energy saving annually, in terms of percentage difference, compared to the ASHP system.
In terms of actual values, the highest difference is exhibited by the case of Berlin, Germany (DE), although
having a low renewable energy share compared to the other cases. It is somehow a surprise that only the
cases of DE and Bologna, Italy (IT) have produced a lower environmental impact, with 62% and 83% (see Fig.
6) respectively, during the lifetime of the system compared to the equivalent ASHP system.

A cost analysis of the systems was also performed using the SPP (simple payback period) method, but without
the input of the capital cost. Instead, since the capital varies from case to case and from country to country,
the payback period of 3-5 years for which a system would be considered viable is set as input. The obtained
results have indicated that only the northern countries, with higher heating demand than the southern
countries, could potentially cover the investment from 8 years onward of the system’s operation. At the same
time, it seems questionable whether the GSHP system could be a viable replacement of an ASHP system in
terms of environmental impact and investment in the southern EU countries.

References

[1 T. Fleiter, J. Steinbach, M. Ragwitz, Mapping and analyses of the current and future (2020 - 2030)
heating/cooling fuel deployment (fossil/renewables) - Work package 1: Final energy consumption for
the year 2012, 2016.

[2] L. Aresti, P. Christodoulides, G. Florides, A review of the design aspects of ground heat exchangers,
Renew. Sustain. Energy Rev. 92 (2018). https://doi.org/10.1016/j.rser.2018.04.053.

[3] P. Christodoulides, A. Vieira, S. Lenart, J. Maranha, G. Vidmar, R. Popov, A. Georgiev, L. Aresti, G.
Florides, Reviewing the Modeling Aspects and Practices of Shallow Geothermal Energy Systems,
Energies. 13 (2020) 4273. https://doi.org/10.3390/en13164273.

[4] R. Ramos, L. Aresti, P. Christodoulides, A. Vieira, G. Florides, Assessment and Comparison of Soil
Thermal Characteristics by Laboratory Measurements, in: Ferrari A., Laloui L. Energy Geotech. SEG
2018. Springer Ser. Geomech. Geoengin., Springer, Cham, 2019: pp. 155-162.
https://doi.org/10.1007/978-3-319-99670-7_20.

[5] L. Aresti, G.A. Florides, P. Christodoulides, Computational modelling of a ground heat exchanger with
groundwater flow, Bulg. Chem. Commun. 48 (2016) 55-63.

[6] I.I. Stylianou, S. Tassou, P. Christodoulides, L. Aresti, G. Florides, Modeling of vertical ground heat
exchangers in the presence of groundwater flow and underground temperature gradient, Energy Build.
192 (2019) 15-30. https://doi.org/10.1016/j.enbuild.2019.03.020.

[7] H. Yang, P. Cui, Z. Fang, Vertical-borehole ground-coupled heat pumps: A review of models and
systems, Appl. Energy. 87 (2010) 16-27. https://doi.org/10.1016/j.apenergy.2009.04.038.

1751



(8]

9]

(10]

(1]

(12]

[13]
(14]

[19]

[16]
(17]
(18]

(19]

(20]

(21]

(22]

(23]

(24]

(2]

(26]

(27]

(28]

(29]

ECOS 2022

K.P. Tsagarakis, L. Efthymiou, A. Michopoulos, A. Mavragani, A.S. Andelkovi¢, F. Antolini, M. Bacic,
D. Bajare, M. Baralis, W. Bogusz, S. Burlon, J. Figueira, M.S. Geng, S. Javed, A. Jurelionis, K. Koca,
G. Ryzynski, J.F. Urchueguia, B. Zlender, A review of the legal framework in shallow geothermal energy
in selected European countries: Need for guidelines, Renew. Energy. (2018).
https://doi.org/10.1016/J.RENENE.2018.10.007.

P. Christodoulides, L. Aresti, G. Florides, Air-conditioning of a typical house in moderate climates with
Ground Source Heat Pumps and cost comparison with Air Source Heat Pumps, Appl. Therm. Eng. 158
(2019) 113772. https://doi.org/10.1016/j.applthermaleng.2019.113772.

K. Alanne, A. Salo, A. Saari, S.I. Gustafsson, Multi-criteria evaluation of residential energy supply
systems, Energy Build. 39 (2007) 1218-1226. https://doi.org/10.1016/j.enbuild.2007.01.009.

M. Seddiki, A. Bennadji, Multi-criteria evaluation of renewable energy alternatives for electricity
generation in a residential building, Renew. Sustain. Energy Rev. 110 (2019) 101-117.
https://doi.org/10.1016/j.rser.2019.04.046.

D. D’Agostino, D. Parker, P. Melia, Environmental and economic implications of energy efficiency in
new residential buildings: A multi-criteria selection approach, Energy Strateg. Rev. 26 (2019).
https://doi.org/10.1016/j.esr.2019.100412.

O.M. Babatunde, J.L. Munda, Y. Hamam, Selection of a hybrid renewable energy systems for a low-
income household, Sustain. 11 (2019) 1-24. https://doi.org/10.3390/su11164282.

B. Greening, A. Azapagic, Domestic heat pumps: Life cycle environmental impacts and potential
implications for the UK, Energy. 39 (2012) 205-217. https://doi.org/10.1016/j.energy.2012.01.028.

P. Blum, G. Campillo, W. Miinch, T. Kélbel, CO2 savings of ground source heat pump systems — A
regional analysis, Renew. Energy. 35 (2010) 122-127.
https://doi.org/https://doi.org/10.1016/j.renene.2009.03.034.

R.H.D. Rawlings, Ground source heat pumps : A technology review, Build. Serv. Eng. Res. Technol.
20 (1999) 119-129.

K.P. Tsagarakis, Shallow geothermal energy under the microscope: Social, economic, and institutional
aspects, Renew. Energy. (2019). https://doi.org/10.1016/J. RENENE.2019.01.004.

K. Tsikaloudaki, K. Laskos, D. Bikas, On the establishment of climatic zones in Europe with regard to
the energy performance of buildings, Energies. 5 (2012) 32—44. https://doi.org/10.3390/EN5010032.

M. Rivoire, A. Casasso, B. Piga, R. Sethi, Assessment of Energetic, Economic and Environmental
Performance of Ground-Coupled Heat Pumps, Energies. 11 (2018) 1941.
https://doi.org/10.3390/en11081941.

N. Bartolini, A. Casasso, C. Bianco, R. Sethi, Environmental and Economic Impact of the Antifreeze
Agents in Geothermal Heat Exchangers, Energies. 13 (2020) 5653.
https://doi.org/10.3390/en13215653.

L. Aresti, P. Christodoulides, G.A. Florides, An investigation on the environmental impact of various
Ground Heat Exchangers configurations, Renew. Energy. 171 (2021) 592-605.
https://doi.org/10.1016/j.renene.2021.02.120.

ISO 14040, Environmental management — Life cycle assessment — Principles and framework, 2006.

ISO 14044, Environmental management — Life cycle assessment — Requirements and guidelines,
2006.

G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno-Ruiz, B. Weidema, The ecoinvent database
version 3 (part |): overview and methodology, Int. J. Life Cycle Assess. 21 (2016) 1218-1230.
https://doi.org/10.1007/s11367-016-1087-8.

B. Steubing, G. Wernet, J. Reinhard, C. Bauer, E. Moreno-Ruiz, The ecoinvent database version 3
(part Il): analyzing LCA results and comparison to version 2, Int. J. Life Cycle Assess. 21 (2016) 1269—
1281. https://doi.org/10.1007/s11367-016-1109-6.

C. Ren, Y. Deng, S.J. Cao, Evaluation of polyethylene and steel heat exchangers of ground source
heat pump systems based on seasonal performance comparison and life cycle assessment, Energy
Build. 162 (2018) 54—64. https://doi.org/10.1016/j.enbuild.2017.12.037.

I. Bartolozzi, F. Rizzi, M. Frey, Are district heating systems and renewable energy sources always an
environmental win-win solution? A life cycle assessment case study in Tuscany, ltaly, Renew. Sustain.
Energy Rev. 80 (2017) 408—420. https://doi.org/10.1016/j.rser.2017.05.231.

M. Sutman, G. Speranza, A. Ferrari, P. Larrey-Lassalle, L. Laloui, Long-term performance and life cycle
assessment of energy piles in three different climatic conditions, Renew. Energy. 146 (2020) 1177—
1191. https://doi.org/10.1016/j.renene.2019.07.035.

eurostat, Simplified energy balances, (2019).

1752



(30]

(31]

(32]

(33]

(34]
(39]

(36]

[37]

(38]

(39]

ECOS 2022

L.C. Dreyer, A.L. Niemann, M.Z. Hauschild, Comparison of Three Different LCIA Methods: EDIP97,
CML2001 and Eco-indicator 99, Int. J. Life Cycle Assess. 8 (2003) 191-200.
https://doi.org/10.1007/bf02978471.

B.P. Weidema, Comparing Three Life Cycle Impact Assessment Methods from an Endpoint
Perspective, J. Ind. Ecol. 19 (2015) 20-26. https://doi.org/10.1111/jiec.12162.

H. Monteiro, F. Freire, Life-cycle assessment of a house with alternative exterior walls: Comparison of
three impact assessment methods, Energy Build. 47 (2012) 572-583.
https://doi.org/10.1016/j.enbuild.2011.12.032.

M. Goedkoop, R. Heijungs, M. Huijbregts, A. De Schryver, J. Struijs, R. Van Zelm, ReCiPe 2008: A life
cycle impact assessment method which comprises harmonised category indicators at the midpoint and
the endpoint level, First Edition, 2009.

EuroStat, Electricity prices for household consumers, (2021).

F. Robert, L. Gosselin, New methodology to design ground coupled heat pump systems based on total
cost minimization, Appl. Therm. Eng. 62 (2014) 481-491.
https://doi.org/10.1016/J. APPLTHERMALENG.2013.08.003.

Q. Lu, G.A. Narsilio, G.R. Aditya, I.W. Johnston, Economic analysis of vertical ground source heat
pump systems in Melbourne, Energy. 125 (2017) 107-117.
https://doi.org/10.1016/j.energy.2017.02.082.

H. Esen, M. Inalli, M. Esen, A techno-economic comparison of ground-coupled and air-coupled heat
pump system for space  cooling, Build. Environ. 42 (2007) 1955-1965.
https://doi.org/10.1016/J.BUILDENV.2006.04.007.

U. Camdali, E. Tuncel, An economic analysis of horizontal Ground Source Heat Pumps (GSHPs) for
use in heating and cooling in Bolu, Turkey, Energy Sources, Part B Econ. Plan. Policy. 8 (2013) 290—
303. https://doi.org/10.1080/15567240903452097.

L. Gabrielli, M. Bottarelli, Financial and economic analysis for ground-coupled heat pumps using
shallow  ground heat  exchangers, Sustain. Cities  Soc. 20 (2016)  71-80.
https://doi.org/10.1016/J.SCS.2015.09.008.

1753



	1 Assessment of the role of infrastructure in high share renewable energy systemsJonas Schnidrig, Xiang Li, François Maréchal
	2 Field-test economic and ecological performance of Proton Exchange Membrane Fuel Cells (PEMFC) used in micro-combined heat and power residential applications (micro-CHP)Nicolas Paulus, Vincent Lemort, Camila Davila
	3 Improving the application of Reinforcement Learning for load shifting in a cooling system through state-of-the-art algorithms and hyper-parameter optimizationThomas Schreiber, Vincent Evenschor, Dirk Müller
	4 Emerging thermodynamic cycles and thermal power generationMichel Moliere, Frédéric Geiger, Romain Privat, Jean-Noel Jaubert
	5 Optimizing Mixture Composition in Alternative Flow Sheets in Residential Heat PumpsChristoph Höges, Valerius Venzik, Christian Vering, Dirk Müller
	6 Performance maximization of thermochemical energy storage reactors through topology optimizationGabriele Humbert, Yulong Ding, Adriano Sciacovelli
	7 Assessment of the sustainability of various ways of hydrogen production and supply by applying LCA and exergyLydia Stougie, Hedzer van der Kooi, Rob Stikkelman
	8 Automated modeling of mode-based control algorithms in a hierarchical fuzzy logic controller described in fuzzy Petri netsXiaoye Cai, Xinling Li, Alexander Kümpel, Dirk Müller
	9 Feasibility study of green hydrogen production and export in IranAli Kakavand, Saeed Sayadi, George Tsatsaronis, Ali Behbahaninia
	10 Nitrogen/Hydrogen as thermochemical energy storage material in NH3 fed reversible solid oxide fuel cell system for electrical energy storageVan Tien Giap, Yong Gyun Bae, Young Sang Kim, Dong Keun Lee, Thai Quyen Quach, Viet Tuan Anh Bui, Kook Young Ahn
	11 Multi-criteria optimisation of an industrial thermocline thermal energy storageDiane Le Roux, Pierre Neveu, Régis Olivès
	12 Low-grade waste heat integration into an existing high-temperature district heating system at the research centre in Jülich, GermanyJan Stock, André Xhonneux, Dirk Müller
	13 Remote ammonia production for the future energy demand of Belgium: Techno-economic optimization of local and remote ammonia production for Belgium under uncertaintyKevin Verleysen, Diederik Coppitters, Alessandro Parente, Francesco Contino
	14 Thermal Energy Storage (TES) application in an Italian District Heating (DH) network: A Computational Fluid Dynamic (CFD) analysis to assess the operating efficiency Mosè Rossi, Sara Gremi, Lingkang Jin, Matteo Lorenzetti, Danilo Salvi, Alessia Arteconi, Gabriele Comodi
	15 Development of a multi-dimensional Key Performance Indicators' framework for the holistic performance assessment of Smart GridsMaria Fotopoulou, Dimitrios Rakopoulos, Stefanos Petridis
	16 Using Process Change Analysis to assess heat pump performance in a changing biodiesel production plantBrendon Raad, Marit Lieshout, Andrea Ramirez Ramirez, Lydia Stougie
	17 Techno-Economic Evaluation of Reversible Organic Rankine Cycles in Geothermal Combined Heat and Power PlantsFlorian Kaufmann, Christopher Schifflechner, Christoph Wieland, Hartmut Spliethoff
	18 A filter-less LES model based on the local minimization of the entropy generation rate: model descriptionEnrico Sciubba, Federico Zullo
	19 Investigation on the influence of real-world weather and demand forecasts on the model predictive control of a hydrogen-battery energy storage systemAlexander Holtwerth, Jakob Fritz, André Xhonneux, Dirk Müller
	20 Methods to achieve PV cooling in building integrated photovoltaic (BIPV) systems: An experimental investigation Rafaela Agathokleous, Soteris Kalogirou
	21 Comparative exergy assessment of residual biomass gasification routes for hydrogen and ammonia productionGabriel Gomes Vargas, Daniel Flórez-Orrego, Silvio de Oliveira Junior
	22 Thermal Engineering Systems in Python (TESPy): The implementation and validation of the chemical exergyMathias Hofmann, Francesco Witte, Karim Shawky, Ilja Tuschy, George Tsatsaronis
	23 Optimal scheduling of energy and mass flows based on networked multi-carrier hubs formulation : a general frameworkMohamed Tahar Mabrouk, Mahdi Majidniya, Bruno Lacarriere
	24 Second Law Analysis of a Membrane Humidifier under Various Operating ConditionsMarkus Pollak, Wilhelm Tegethoff, Jürgen Köhler
	25 Importing renewable energy to EU via hydrogen and ammonia vectors: levelized cost of energy assessmentAzd Zayoud, Diederik Coppitters, Hannes Laget, Véronique Dias, Hervé Jeanmart, Francesco Contino
	26 Evaluating the Effect of Using Representative Days for Approximated Model Predictive Control Applications in Heat Pump SystemsLaura Maier, Maxim Shamovich, Dominik Hering, Dirk Müller
	27 Potential of electric mobility as service to the grid in renewable energy hubsCédric Terrier, Luise Middelhauve, François Maréchal
	28 Targeting excess heat recovery in an oil refinery plant implementing large-scale carbon capture and power-to-hydrogen Elin Svensson, Pontus Bokinge, Simon Harvey
	29 Optimal integration of different absorption chillers in geothermal trigeneration systems with Organic Rankine CyclesChristopher Schifflechner, Ludwig Irrgang, Florian Kaufmann, Carmen Martin Apolinario, Christoph Wieland, Hartmut Spliethoff
	30 Techno-economic analysis of Brayton concentrated solar power systems in the context of other power generation technologiesJudit García Ferrero, Rosa Pilar Merchán Corral, María Jesús Santos Sánchez, Alejandro Medina Domínguez, Antonio Calvo Hernández
	31 Quantification of costs and greenhouse gases emissions related to e-fuels production Nicolas Campion, Sara Shapiro-Bengtsen, Sebastian Franz, Marie Münster
	32 Towards near-zero Energy Buildings: lessons learnt from the RE-cognition projectAlessandro Colangelo, Elisa Guelpa, Andrea Lanzini, Vittorio Verda
	33 Identification of critical raw materials and potential bottlenecks in vehicles through a thermodynamic approachRicardo Magdalena, Alicia Valero, Abel Ortego, Marta Iglesias
	34 Beyond metal prices: geological scarcity as a physical cost allocation criterion. The case of Rare Earth Element miningJorge Torrubia, Antonio Valero, Alicia Valero
	35 Thermo-mechanical energy storage options for long-duration storage – A techno-economic comparative assessment of established and novel conceptsAndrea Vecchi, Adriano Sciacovelli
	36 Exploitation of the hidden hydropower potential downstream a weirMartina Cumerlato, Mosè Rossi, Jacopo Carlo Alberizzi, Maurizio Righetti, Massimiliano Renzi
	37 Computational and Experimental Study of Vortex Cooling Using CFD, 3-D PIV, and Liquid CrystalsDaisy Galeana, Mebrat Abebe, Asfaw Beyene
	38 Vortex cooling of a gas turbine blade: comparison of single and bidirectional swirl formationMebrat Abebe, Daisy Galeana, Asfaw Beyene
	39 Investigation of the Use of Steam-air Preheater to Increase the Overall Efficiency of Thermal Power PlantSomchart Chantasiriwan
	40 Performance analysis of a hydrogen-fueled PAFC triple system for high efficiencyHye Rim Kim
	41 Estimating the local renewable potentials for the transformation of district heating systemsMerlin Sebastian Triebs, George Tsatsaronis
	42 Environmental assessment of electrification of food industry for Denmark and FranceYoann Jovet, Alexis Laurent, Nasrin Arjomand Kermani, Frédéric Lefevre, Brian Elmegaard, Marc Clausse
	43 Design Methodology of a Radial Turbine for Series Hybrid Electric VehiclesJoelle Najib, Maroun Nemer, Chakib Bouallou, Assaad Zoughaib
	44 Unleashing district cooling potential through design optimizationManfredi Neri, Elisa Guelpa, Vittorio Verda
	45 Energy and exergy analysis of a pilot plant for the combined production of cooling and electricity from a low temperature heat source through an absorption processSimone Braccio, Alessia Arteconi, Hai Trieu PHAN, Nicolas Tauveron, Nolwenn Le Pierrès
	46 Optimized Use of Polygeneration Plants in a Highly Coupled Energy System ModelAndreas Hanel, Marcel Dossow, Sebastian Fendt, Hartmut Spliethoff
	47 Enabling ultra-fast charging with 800V-battery architecture: balance between time spent at stations and charging infrastructure profitabilityAnastasia Popiolek, Zlatina Dimitrova, Marc Petit, Philippe Dessante
	48 Effects of the decarbonization of district heating systems on future German electricity pricesElisa Papadis, George Tsatsaronis
	49 Stochastic optimal design for large scale rainwater harvesting and detention systems Qiao Yan Soh, Edward O'Dwyer, Nilay Shah, Salvador Acha
	50 Extreme events and climate change: How did wildfires and other stress events affect the social and policy aspects of the energy transition? A mass media article analysisPanagiotis Varelas, Francesco Contino, Alessandro Parente
	51 Experiments and analytical verification studies on the evaluation of heat dissipation performance according to changes in the thermal properties of LED heat sinksKi-Yeol Shin, Jie Liu, Hyeokwoo Oh
	52 Energy and exergy analysis and thermodynamic optimization of a waste heat recovery trigeneration system based on ORC and ejector cooling cycleKonstantinos Braimakis, Christos Xynos, Sotirios Karellas
	53 An Online Learning Approach for Data-Driven Model Predictive Control in Building Energy SystemsPhillip Stoffel, Max Berktold, Alexander Kümpel, Dirk Müller
	54 Exergo-economic and exergo-environmental analysis of a Hydrogen Storage SystemPietro Ungar, Claudio Zuffi, Guido Petri, Daniele Fiaschi, Giampaolo Manfrida, Lorenzo Talluri
	55 Life Cycle Assessment Applied to an ORC System Operating Under Two Modes: Evaluation of Two LCIA MethodsRonelly De Souza, João Luiz M. Neto, Carlos Dos Santos, Mauro Reini
	56 Development of simplified models for the individuation of the proper exploitation method for African Geothermal resourcesClaudio Zuffi, Pietro Ungar, Fiammetta Agostini, Tommaso Bigi, Irene Cappello, Alessandra Linari, Giampaolo Manfrida, Lorenzo Talluri, Daniele Fiaschi
	57 The influence of HHO gas fuel addition on the efficiency and operation stability of spark ignition engine Jacek Leyko, Kamil Slobinski, Jaroslaw Jaworski, Grzegorz Mitukiewicz, Damian Batory, Wissam Bou Nader
	58 Sourcing hydrogen for the production of sustainable aviation fuelsGiovanni Manente, Antonio Ficarella, Maria Grazia De Giorgi
	59 Unlocking Supply Temperature Reduction in existing District Heating infrastructuresMartina Capone, Elisa Guelpa, Vittorio Verda
	60 Exergy-based comparison of three wheat straw based biorefineriesRené Kofler, Lasse R. Clausen
	61 A novel concept for maximizing the cooling capacity of an adsorption chiller via process time control Mujahid Naseem, Mujahid Naseem, Namin Son
	62 Experimental study on differences in human body exergy balance between a person in radiant and convection heating/cooling roomsHideo ASADA
	63 Environomic Analysis of Different Hydrogen Production Routes Xinyi Wei, Shivom Sharma, Ivan Kantor, Manuele Margni, François Maréchal, Jan Van Herle
	64 Analyzing the influence of temperature modeling in heat pump system optimization with mixed-integer linear programmingHannah Krützfeldt, Christian Arpe, Dominik Hering, Dirk Müller
	65 Optimization analysis of a renewable-based multi-energy system for a tertiary building Giulia Mancò, Elisa Guelpa, Vittorio Verda
	66 Refrigerant Charge Effect on a Booster Heat Pump and Temperature Profile Matching Analysis: an Experimental StudyTingting Zhu, Jierong Liang, Yanjun Du, Martin Ryhl Kærn, Torben Ommen, Jan Eric Thorsen, Brian Elmegaard
	67 Implementation of thermal network simulation in operation optimization of an energy systemUmberto Tesio, Elisa Guelpa, Vittorio Verda
	68 Optimal planning of renewables and storage systems based on meta-heuristic and optimal power flow modelsSara Fakih, Mohamed Tahar Mabrouk, Mireille Batton-Hubert, Bruno Lacarrière
	69 A Nonlinear Optimization Method for the Topological Design of District Heating SystemsJerry Lambert, Stephan Herrmann, Hartmut Spliethoff
	70 Prediction of heat pump evaporator fouling for predictive maintenanceWiebke Meesenburg, José Joaquín Aguilera, René Kofler, Wiebke Brix Markussen, Brian Elmegaard
	71 Multihorizon Forecasting and Operational Planning Method of Energy Storage Under a Demand ResponseAkira Yoshida, Yoshiharu Amano
	72 Environmental and technical advantages and bottlenecks of carbon dioxide capture and storage from a thermodynamic perspectiveAli Akbar Eftekhari, Rouhi Farajzadeh
	73 The efficient exploitation of chemical energy in heat pumpsAya Barakat, Silvia Lasala, Jean-Noël Jaubert
	74 Overcoming bottlenecks due to supply temperature reductions in existing district heatingMartina Capone, Elisa Guelpa, Vittorio Verda
	75 Integration of innovative and conventional renewable technologies in nearly Zero-Energy Buildings Vittorio Verda, Elisa Guelpa, Andrea Lanzini, Alessandro Colangelo, Marco Simonetti, Francesco Neirotti, Ioannis Moschos, Nikos Katsaros, Giuseppe Mastandrea, Luigi D'Oriano, Ioannis Kompougias, Michela Buzzetti, Claudio Del Pero, Alessandro Virtuani, Fabiana Lisco, Gianluca Cattaneo, Matthieu Despeisse, Tommaso Morbiato, Luc Hamilton, Spyros Kiartzis, Radu Molvan, Madalina Comes, Vivienne Kuh, Tim O'Callaghan, Jure Ratej, Dan Micu, Andrei Ceclan, Mihaela Cretu
	76 Model Predictive Control approaches for optimal long-term operation of Ground Coupled Heat Pump systemsYoussef Miftah, Nicolas Vasset, Yacine Gaoua, Matthieu Simon, Andrew Parry, Prasanna Amur Varadarajan, Sylvain Chambon, Tejaswinee Darure
	77 Assessment of a data-driven model of a heat pump using synthetic data generated from a physical dynamic modelMohamed Tahar Mabrouk, Bruno Lacarrière, Anne-Geneviève Lemelle
	78 Assessment of Varying Coupling Levels between Electric & Thermal networks at District Level using Co-Simulation and Model-predictive ControlLuca Rava, Audrey Wantier, Mathieu Vallée, Alain Ruby, Nicolas Lamaison
	79 Efficient exploration of Pareto-optimal designs of carbon capture units using surrogates modelsMeire Ellen Gorete Ribeiro Domingos, Shivom Sharma, Daniel Flórez-Orrego, François Maréchal, Moisés Teles dos Santos
	80 An evaluation of turbulence model suitability for use in Computational Fluid Dynamics of Wells turbines in oscillating water column fluid flow conditions. Zak Hawthorne, Peter Ryan, Thomas Dooley, Fergal O'Rourke
	81 The Influence of Thermochemical Energy Storages with CaO/Ca(OH)2 on Future Industrial Energy Systems with High Temperature Steam DemandGesa Backofen, Florian Kerscher, Stephan Gleis, Hartmut Spliethoff
	82 Classification of industral thermal processes for the assessment of the electrification and flexibility potentialChiara Magni, Alessia Arteconi, Sylvain Quoilin
	83 Sensitivity analysis to assess the robustness of model predictive control of a building heat demandJoseph Brisson, Mathieu Vallée, Siao-Leu Phouratsama, Pierre Lemaire
	84 Community-based local energy markets for residential neighborhoodsSarah Henn, Tim Adamek, Rita Streblow, Dirk Müller
	85 High temperature heat pumps applications for industrial separation and drying processesDaniel Florez-Orrego, Eduardo Antonio Pina, Meire Ellen Ribeiro Domingos, Shivom Sharma, Maréchal François
	86 Robust optimal multi-year modernization roadmaps for typical existing buildingsJan Richarz, Dominik Hering, Dirk Müller
	87 Energy and exergy assessment of renewable energy storage using iron as energy carrierJannik Neumann, Elisa Corbean, Frank Dammel, Stefan Ulbrich, Peter Stephan
	88 Thermal Energy Storage System integrating into a PV facilityAlberto Benato, Ennio Gallo, Francesco De Vanna, Anna Stoppato
	89 CFD investigation of a Venturi tube for wastewater treatment applicationsAmedeo Scramoncin, Alberto Benato, Francesco De Vanna, Anna Stoppato
	90 The introduction of a new exergy disaggregation approach and comparison with the recent thermoeconomic methodologies in an organic rankine cycle powered vapor compression refrigeration systemRodrigo Guedes dos Santos, Atilio Barbosa Lourenço, Pedro Rosseto de Faria, Marcelo Aiolfi Barone, José Joaquim C. S. Santos
	91 Application of Methanol with an Ignition Additive in a Heavy-duty Turbo-charged CI engineChong Cheng
	92 Decentralized ICT integration in residential buildingsDorsan Lepour, Jacopo Saracco, François Maréchal
	93 Application of CFD methods in heat transfer analysis of adsorption cooling and desalination systemsKarolina Grabowska, Radomir Ščurek, Jaroslaw Krzywanski, Marcin Sosnowski, Anna Zylka, Anna Kulakowska, Dorian Skrobek, Wojciech Nowak
	94 Thermodynamic assessment of Latin American cities applying exergetic efficiencyRicardo Morel Hartmann, Luis Evelio Garci-Acevedo, Amir Roberto De Toni Jr.
	95 Exergy assessment of soil fertility and erosion Bárbara Palacino, Sonia Ascaso, Antonio Valero, Alicia Valero
	96 Low Flammability Limits of Natural Refrigerant Mixtures: Theory vs StandardsMatteo Caramaschi, Laure Meljac, Stefano Poppi, Kasper Østergaard, Martin Kærn, Torben Ommen, Brian Elmegaard
	97 Development of small scale ORC for low glade heat source utilizationRyosuke Akimoto, Masaru Nakaiwa, Keigo Matsuda
	98 Comparative analysis of two-phase expansion and sub-critical organic Rankine cycle systems for solar and geothermal applicationsNishith Babubhai Desai, Carlotta Tammone, Fredrik Haglind
	99 A pseudo-analytical model based on the enthalpy approach for the simulation of packed-bed rock thermal energy storage systemsMaria E. Mondejar, Nishith Babubhai Desai, Elie Najim, Fredrik Haglind
	100 Experimental Investigation of Rule-Based Control Strategies for Hybrid Heat Pump Systems Using the Smart Grid Ready InterfaceStephan Göbel, Christian Vering, Dirk Müller
	101 Calibration of a charging time energy fraction model for melting experiments of a high temperature latent heat thermal energy storage systemKenny Couvreur, Wim Beyne, Robin Tassenoy, Steven Lecompte, Michel De Paepe
	102 The charging time energy fraction method for characterizing latent thermal energy storage heat exchangersWim Beyne, Steven Lecompte, Michel De Paepe
	103 An optimization approach for plastic waste management policies in SwitzerlandRafael Castro-Amoedo, Yi Zhao, François Maréchal
	104 Selection of nano-particulate material for improved passive cooling skylight performance. Gopalakrishna Gangisetty, Ron Zevenhoven
	105 Electricity Generation by Renewables – Required Infrastructure and Effects on Sustainability GoalsEfstathios Michaelides
	106 Model-based analysis of a heat pump cascade system using seawater and ammonia as working fluidsJonas Lundsted Poulsen, Andreas Schulte, Sven Försterling, Wiebke Meesenburg, José Joaquín Aguilera, Juergen Koehler, Brian Elmegaard, Benjamin Zühlsdorf
	107 Direct sun radiation could cause overheating in large glazed buildings in winter season : A case study Abdelatif Merabtine, Abdelhamid Kheiri, Salim Mokraoui
	108 A stochastic programming optimization framework to design an energy system and face market stagesGabriele Volpato, Enrico Dal Cin, Piero Danieli, Gianluca Carraro, Luigi De Giovanni, Giovanni Andreatta, Andrea Lazzaretto
	109 On the thermoeconomic modeling of waste cost allocation and diagnosis of malfunctions for environmental aspects assessmentPedro Rosseto de Faria, César Torres, Antonio Valero, José Joaquim Conceição Soares Santos
	110 Exergy design and energy storage: an experimental heating system for supply-demand decouplingValentina Bonetti, Nick Kelly
	111 Simulation towards demonstration: A Digital-Twin for developing control concepts of an industrial-scale Rotation Heat PumpBernd Windholz, Andreas Sporr, Stephan Kling, Michael Lauermann, Andreas Längauer, Bernhard Adler
	112 Automating the data-driven predictive control design process for building thermal managementEdward O Dwyer, Paola Falugi, Eric Kerrigan, Nilay Shah
	113 Energetic benefits and Life Cycle Assessment of a hybrid CSP-biomass power plantEfisio Casti, Giorgio Cau, Alfonso Damiano, Emanuela Melis, Mario Petrollese
	114 Environmental assessment of an industrial power-to-hydrogen-to-power system - towards decarbonization of existing natural gas fueled CHP plantsDespina Magiri-Skouloudi, Alexandros Macheras, Sotirios Karellas
	115 Thermodynamic comparative analysis between an ejector cooling system and an absorption cooling system in order to improve the fermentation process of the sugar and ethanol production processAntonio Gallego, Milagros Palacios-Berechea, Reynaldo Palacios-Berechec, Sílvia Nebra, Carlos Eduardo Rossell
	116 CFD study of the thermal effects of increasing the share of refuse-derived fuel in a rotary cement kilnPiotr Jozwiak, Aleksandra Kiedrzynska, Jaroslaw Hercog
	117 Sizing, Analysis and Comparison of two WHR Systems Integrated with a Large Internal Combustion Engine for Intake Air ConditioningBruno Muniz de Freitas Miotto, André Chun, Carla Cunha, João Luiz Donatelli, José Joaquim Santos
	118 Full electrification opportunities of spray dryers in milk powder processesJierong Liang, Martin Andersen, Roger Solé, Lorenzo Bellemo, Riccardo Bergamini, Jonas Poulsen, Benjamin Zühlsdorf, Peter Schneider, Jonas Jensen, Wiebke Markussen, Brian Elmegaard
	119 LCA and LCC framework for special purpose vehicles based on a case study of a mini-tractor for orchard operationsMateusz Proniewicz, Karolina Petela, Andrzej Szlęk
	120 The potential application of a magnetocaloric heat pump in ultra-low temperature district heating systemsJierong Liang, Marvin Masche, Kurt Engelbrecht, Tingting Zhu, Brian Elmegaard, Christian Bahl
	121 Optimization of PV installation angles for increased self-sufficiency in residential neighbourhoodsQiuxian Li, Natasa Vulic, Kristina Orehounig
	122 Electrification of industrial processes with low-to-medium temperature heat demand: Case study of pectin productionMorten Petersen, Nasrin Arjomand Kermani, Fabian Bühler, Brian Elmegaard, Niklas Mogensen, Fridolin Holm, Esben Jacobsen
	123 CFD analysis of a premixed green e-fuel combustion with large eddy simulation: effects of the number of pilot fuel nozzle holes on auto-ignitionArash Nemati, Jiun Cai Ong, Jens Honore Walther
	124  A novel methodology and MILP formulation to account for Demand Side Flexibility potential in the scheduling of distributed energy systemsAndrea Bartolini, Gabriela Hug
	125 Heat transfer augmentation in solar systems using multiple air jet impingement and porous surfacesFlavia V. Barbosa, Sara G. Gören, Senhorinha F. C. F. Teixeira, José C. F. Teixeira
	126 Thermochemical energy storage coupled with solar PV for increased renewable electricity generation: interplay between thermophysical behaviour and techno-economic performanceRobin Fisher, Valeria Palomba, Andrea Frazzica, Adriano Sciacovelli
	127 Carbon Capture and Storage – A Thermodynamic AnalysisEfstathios Michaelides, Efstathios Michaelides
	128 Robust integration of direct air capture in power-to-methane systems: techno-economic feasibility study under uncertaintyDiederik Coppitters, Lionel Dubois, Diane Thomas, Guy De Weireld, Francesco Contino
	129 Solid oxide fuel cell – micro gas turbine (SOFC/MGT) hybrid power system: Techno-economic assessment and potential integration on Patmos IslandKonstantina Peloriadi, Dimitrios Fakis
	130 Commissioning and numerical performance assessment of a hybrid heat pump system for an educational building Katarina Simic, Annelies Scheirlinckx, Willem Faes, Michel De Paepe
	131 Assessment of exhaust gas recirculation (EGR) in gas turbines: a thermodynamic approachAssaad Zoughaib, Hachem Joe
	132 Integration of High Temperature Heat Pump in a breweryRasmus Jelsbak Knudsen, Andreas Riis Christiansen, Jonas Kjær Jensen, Torben Schmidt Ommen, Wiebke Brix Markusse, Brian Elmegaard, Magnus Lyck Hansen, Fridolin Müller Holm
	133 Levelized cost and carbone content of hydrogen produced by electrolysisAssaad Zoughaib, Gaelle Khalil, Yara Daaboul, Maria Nicolas
	134 An ORC–Unglazed Air collectors integration for hybrid distributed microgenerationDiego Antonio Rodriguez Pastor, Ricardo Chacartegui, José Antonio Becerra Villanueva
	135 Comparison of optimization-based operation strategies for a hydrogen-based district energy systemTobias Beckhölter, Thomas Schreiber, Dirk Müller
	136 Advanced Exergy Analysis: A Case Study of an Absorption Heat Transformer Using a Geothermal Heat SourceChristian M. Wolf, Rikke Cilius Pedersen, Jonas Kjær Jensen, Wiebke B. Markussen
	137 Environmental assessment of biological CO2 capture and utilization (Bio-CCU) applications for the production of platform chemicals from industrial waste gasesDespina Magiri-Skouloudi, Sotirios Karellas, Odysseas Kallis
	138 Ecological, spatial and critical material footprints as limiting indicators of sustainability in a bioregionJavier Felipe, Antonio Valero, Jorge Torrubia, Alicia Valero
	139 A brief review on decarbonization and energy transition of Portuguese industry: renewable energies incorporation and efficiency measuresAna C. Ferreira, João Silva, Senhorinha Teixeira, José C.F. Teixeira
	140 Exact Solution for Heat Transfer Problem in the Entrance Region of Annuli Considering Constant Heat Flux on One Wall and Constant Temperature on Other WallLütfullah Kuddusi, Yasemen Kuddusi
	141 The Energy Penalty of Producing Hydrogen-Containing Fuels from Hydrogen Ron Zevenhoven
	142 An insight on PEM fuel cells ship propulsion systems waste heat recovery Chiara Dall'Armi, Davide Pivetta, Rodolfo Taccani
	143 A MILP multi-objective optimization approach for assessing the optimal decarbonization strategies of industrial port districts under different energy scenariosDavide Pivetta, Gabriele Volpato, Gianluca Carraro, Chiara Dall'Armi, Luca Da Lio, Andrea Lazzaretto, Rodolfo Taccani
	144 Cost Reductions in CO2 Capture Systems through Systems Optimizations and Integration of Heat Pump Systems: A Case Study for a Power-Only Waste-to-Energy PlantEbbe Hauge Jensen, Christian Riber, Søren Jensen, Brian Elmegaard, Philip Loldrup Fosbøl
	145 Short-time Forecasting of Electric Energy Production for Housing Cooperative with a Grid Connected PV SystemJorge Solis, Mohammad Roeintan, Magnus Nilsson, Johan Ericson
	146 How to use Excess Heat in Industry? - Conclusions from international networking within the IETS TCPRené Hofmann, Thore Berntsson
	147 Industrial Heat Pumps: A Key Solution to Electrify Process Heat Edward Rightor, Paul Scheihing, Riyaz Papar, Andrew Hoffmeister
	148 A cost and environmental impact analysis of Ground Source Heat Pumps in European climatesPaul Christodoulides, Lazaros Aresti, Andreas Stassis, Christos Makarounas, Georgios Florides
	149 Decarbonizing the food and beverage industry by electrification of heat - A systematic review of electrification technologies Nasrin Arjomand Kermani, Fridolin Müller Holm, Brian Elmegaard
	150 Upward flow boiling of R134a + R245fa equimolar mixture in plate finned heat exchangerPascal Tobaly, Ines Ben El Mekki, Marine Andrich, Marc Wagner, Florine Giraud, Brice Tremeac
	151 Prospective study on the cost evolution for low-carbon technologiesXiang Li, Matthieu Souttre, Jonas Schnidrig, Francois Marechal
	152 Where is the money ? A decomposition of monetary flows behind fossil fuels?Xiang Li, Jonas Schnidrig, Raphaël Briguet, Francois Marechal
	153 Effects of utility steam temperature on the cost of steam systems in industryRoger Padullés Solé, Martin Phil Andersen, Wiebke Brix Markussen, Brian Elmegaard, Jonas Kjær Jensen, Benjamin Zühlsdorf
	154 SPEED OF SOUND MEASUREMENTS FOR RENEWABLE ENERGY GASESAlejandro Moreau, Yisel Pérez, José Juan Segovia, M. Carmen Martín, Xavier Paredes, Miguel A. Villamañán, David Vega-Maza
	155 Economic potential of lowering supply temperatures when using industrial heat pumpsMartin Pihl Andersen, Roger Padullés Solé, Benjamin Benjamin Zühlsdorf, Brian Elmegaard, Wiebke Brix Markussen, Jonas Kjær Jensen
	156 Optimization and estimation processes of the exergetic parameters for onion drying in a multi-stage semi-industrial continuous dryer: A Comparative assessment of RSM and ANFIS modelingIman Golpour, Mohammad Kaveh, J. Daniel Marcos, Ana Maria Blanco Marigorta
	157 Thermodynamic analysis of two oxy-fuel combustion gas cyclesRafael Pinho Furtado, Antonio Garrido Gallego, Milagros Cecilia Palacios-Bereche, Reynaldo Palacios-Bereche, Silvia Nebra
	158 Pilot test of a novel heat pump system with integrated latent heat storage for flexible use of grid electricityMichael Barton, Martin Ugi, Christian Schweigler
	159 Comparative life cycle analysis of battery energy storage technologies for grid applications: Case study in ChinaXiaoqu Han, Yanxin Li, Hongzhang Chang, Nana Chen, Xiaofan Huang, Xiaoping Tang, Junjie Yan
	160 Modeling and analysis of refrigerated truck coupled with waste heat recovery systemYu Yao, Yu Yao, Hua Tian, Xuan Wang, Jintao He, Xuanang Zhang, Gequn Shu
	161 Day and Time Aggregations for Optimal Design of Energy Supply Systems with Storage Units by a Hierarchical MILP Method Ryohei Yokoyama, Yuji Shinano, Tetsuya Wakui
	162 Thermodynamic analysis driven by BIG-DATA: A Novel approach to the Extended Exergy Analysis (EEA) of Complex Systems - MethodologyAlfonso Biondi, Enrico Sciubba
	163 A preliminary analysis of the effects of state-funded incentives on the primary resource use efficiency of the residential sectorAlfonso Biondi, Enrico Sciubba, Piermaria Caponi, Carlo Cecere
	164 Building-mounted wind energy potential in Santo Domingo, the Dominican Republic, a contribution for resilient decarbonisationAlexander Vallejo Díaz, Idalberto Herrera, Anders Malmquist
	165 Evaluation of Robustness in Multiple Performance Criteria for Designing Energy Supply Systems Based on a Mixed-Integer Linear Model Ryohei Yokoyama, Yuto Hiramatsu, Yuji Shinano, Tetsuya Wakui
	166 Optimal Operation of a Heat Supply System in Consideration of Discrete and Nonlinear Characteristics Based on a Mixed-Integer Quadratic Model Ryohei Yokoyama, Takumu Masuyama, Tetsuya Wakui
	167 Exergy analysis of a sugarcane plant: A simple model and first approach to its exergy efficiencyFelipe Godoy Righetto, Matheus Leone Borges, Carlos Eduardo Keutenedjian Mady
	168 Optimization-based scheduling of heat-integrated multipurpose batch plants using a discrete temperature gridHagen Seele, Frederik Steufmehl, Dörthe Hagedorn, Andreas Kämper, Christiane Reinert, Niklas Von der Aßen
	169 Exergy Analysis Applied to Tumor Growth Amanda Rocha da Silva, Silvio De Oliveira Junior
	170 An Integrated Model for Simulating and Optimising Combined Hybrid Photovoltaic-Thermal (PV-T) and Photovoltaic Systems for Decentralised Rural Hot Water Provision and ElectrificationBenedict Winchester, Gan Huang, Philip Sandwell, Jenny Nelson, Christos N. Markides
	171 Economic analysis of Power-to-Gas plant based on optimal operation with PEM electrolysis cellMasashi Tayama, Akira Yoshida, Yoshiharu Amano
	172 Impact for CO2 Emission Reduction by Ice Storage Tank in District Cooling System Using Variable Renewable EnergyYusuke Shiga, Akira Yoshida, Yoshiharu Amano
	173 Acceleration trends in the Brazilian light-duty vehicle fleet - 1990-2020Rafael Mosquim, Carlos Eduardo Mady, Fernando Fusco
	174 Site specific optimised tidal current turbine blade design using improved and validated coupled Non-dominated Sorting Genetic Algorithm – Blade Element Momentum TheoryEng Jet Yeo, David M. Kennedy, Fergal O'Rourke
	175 An investigation of array configuration of tidal current turbines in RANS CFD using a hybrid BEM-AD method. Chee Meng Pang
	176 An Investigation of the Kinetics of Biomass Gasification in the Literature Using a Pre-Validated ModelHamid Rashidi, Aidan Duffy, Wayne Doherty
	177 Analysis of inter-community coordination strategies and their economic and environmental impact on energy communitiesJosh Eichman, Cristina Corchero García
	178 Thermodynamic analysis of ultra-efficient ammonia-fed SOFC systemKalimuthu Selvam, Yosuke Komatsu, Anna Sciazko, Shozo Kaneko, Naoki Shikazono
	179 Thermo-Economic Analysis and Optimization through Genetic Algorithm of a Dual-Loop Regenerative Supercritical CO2 Brayton Cycle/ORC System Coupled to the Main Diesel Engine of a Bulk CarrierAthanasios Vallis, Athanasios Vallis, Efthimios Pariotis, Christos Spandonidis, Elias Yfantis, Kiriakos Alexiou, Dimitrios Rakopoulos
	180 Exergy-based analysis of heat pump using surplus heat from data centre for medium sized district heating and CO2/propane-based mixturesVolodymyr Voloshchuk, Paride Gullo, Eugene Nikiforovich, Volodymyr Sereda
	181 Optimal Operation of Vapor-compression Type Air-conditioning System Based on Hierarchical Utilization of Model Predictive Control and Multiple Feedback ControlsTetsuya Wakui, Takuji Matsumoto, Ryohei Yokoyama
	182 Analysis of the CHP cycle in a sugar industry with a milling capacity of 4,600 ton of cane per day to maximize the electricity generation using a hybrid scheme Biomass-Solar as energy source. Idalberto Herrera, Ariam Rojas, Anders Malmquist, Alexander Vallejod
	183 A Clean Wood Heating SystemYousef Haseli
	184 Theory of Allam CycleYousef Haseli

