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Thermodynamic Analysis
of a Novel Space Heating
System Featuring Hot Gas
Water Technology
Low operating cost, comfort, sustainability, and environmental footprint are the key ele-
ments of robust space heating (SH) system. In quest for higher efficiencies, it is not
always possible to meet all of these demands where environmental footprint often gets
secondary attention. This paper presents a novel SH system which is capable of meeting
all of the aforementioned elements while simultaneously proving SH and domestic hot
water (DHW). The system comprises a geothermal sourced heat pump (HP) featuring
“hot gas water” (HGW) technology which delivers higher efficiency. This paper gives a
thorough thermodynamic assessment of the system covering component based first
and second law analysis and provides test results based on two case studies at a house
(W10/W35) and a renovated building (W10/W45). The results show that a theoretical effi-
ciency gain by 11.02% is achievable where the source temperature is 10 �C and the water
temperature for floor heating is 35 �C. For the same system, with the same source temper-
ature but with a supply temperature of 45 �C for SH, an efficiency gain of 17.91% is
achievable. From experimental testing of the system using the test stand at GeoTherma,
4.73% efficiency gain with water temperature of 35 �C and 3.59% efficiency gain with
water temperature of 45 �C were obtained. Economic analysis results showed that sav-
ings of up to 10% on an annual basis is possible with HGW technology installed in an
average family house, whereas it gets 4.36% for a small hotel with a payback time period
of about 9 yrs. [DOI: 10.1115/1.4032770]

1 Introduction

SH is an integral part of building design for comfortable work
and living environment. HPs have been widely used in residential
and commercial sector by absorbing heat from a low-temperature
medium and supplying it to a high-temperature medium for main-
taining the heated space at high temperature. HPs are favorable in
terms of energy conservation [1], and geothermal energy is an
attractive source to utilize in HPs due to its sustainability as a
source of clean energy [2]. The annual energy use of HP units
making direct use of geothermal energy has grown 2.29 times at
an annual rate of 18.0% since 2005 which ranks geothermal heat
pumps (GHPs) as the largest energy use and installed capacity
accounting for 68.3% and 47.2% of the worldwide capacity and
use [3].

In general, HPs are used to generate heat for SH [4] or DHW
[5]. Some HPs simultaneously provide SH and DHW as so-called
HGW technology. Such simultaneous production is achieved by
using the heat from compressed gas via an extra compact heat
exchanger by the condensing side in series with the condenser,
namely, the desuperheater. An example system was setup by
Fern�andez-Seara et al. [6] where condenser delivers warm water
for the SH and the storage tank, and the desuperheater heats it fur-
ther so that it can be used for DHW. Coefficient of performances
(COPs) for living conditions of 35 �C and 45 �C are 3.8 and 3,

respectively. Blanco et al. [7] experimentally studied a configura-
tion where the water circuits are separated from each other. In that
setup, an SH circuit for floor heating is heated through the con-
denser and desuperheater separately heats up water in a boiler for
DHW. COP of that system is 4.08.

There is an added value of producing SH and DHW simultane-
ously. However, this benefit has not yet been thoroughly investi-
gated via a commercially proven test compared to a standard HP
cycle that has to produce the same heat demand separately for SH
and DHW. This paper fills up that gap by providing experimental
and theoretical analysis and demonstrates comparison by running
tests using an HP manufacturer Thermia’s system featuring HGW
technology which offers an efficiency enhancement of 10%.
Performance of this new technology is compared with two other
setups, namely, a house (W10/W35) and a renovated building
(W10/W45), where W10/W35 demands 35 �C for floor heating
(water), and W10/W45 demands 45 �C for radiator heating (also
with water). In both cases, heat is extracted from the Earth
through groundwater at 10 �C.

2 HP System With HGW Technology

It is important to compare similar setups to the one used in this
project which is an HP with HGW technology. An illustration of
the setup is given in Fig. 1 along with the P–h diagram of the
process.

Configuration of the HP system with HGW technology has five
major components as seen in Fig. 1: compressor, expansion valve,
and three heat exchangers. The normal operating cycle consists of
two heat exchangers, but this new technology has an extra
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component, namely, the desuperheater which is in between points
2 and 20 in Fig. 1. This is a small heat exchanger using the heat of
superheated compressed gas to produce DHW, while the HP
delivers SH simultaneously with higher COP. To clarify the
cycles and thoroughly examine their performances, they are
examined separately.

In SH circuit, heat capacity of the condenser is transferred to
water and the heated water flows through a mixing valve. In a
standard HP cycle, this is a three-way valve that switches between
two modes: hot water for SH or DHW. Here, the mixing valve
directs a small portion of the heated water flow to the desuper-
heater. The rest of the water proceeds to take care of the SH
mostly via a floor heating system. There is a small part of the SH
flow controlled by the mixing valve to the desuperheater in the
DHW circuit. At this stage, the superheated compressed gas trans-
fers its heat to the already heated water from the condenser, there-
fore, the heating process continues. Then, this hot water moves
into a boiler tank, in which cold city water is warmed up through
a spiral tube, so that it can be used for sanitary applications. This
process is called tap water stratification, transporting heat quickly
and efficiently and also distributing water in different layers at dif-
ferent temperatures in the boiler tank. The cooled water that
comes out of the spiral tube, together with the water used for SH,
flows back to the condenser, where the process starts again.

The HP cycle can be presented by a logarithmic P–h diagram
where the amount of work is presented as a line segment. The
course of the heat transfer process can be explained by referring
to the P–h diagram, in which the y-axis represents the pressure in
logarithmic scale and the x-axis stands for the enthalpy.

The following assumptions have been made to explain this
process:

� No pressure drop between condenser and desuperheater.
� Perfect isolation from the environment.
� In the evaporator, the entire refrigerant evaporates.
� Expansion is done via constant enthalpy (isenthalpic).
� Compression is done by keeping the entropy constant

(isentropic).

Between states 2 and 20, the superheated gas passes its heat to
water in the compact heat exchanger, which is then used for
DHW. Depending on the inlet variables, state of the refrigerant
can be located in the vapor/liquid region or in the superheated
region. In P–h diagram, this is indicated by a small arrow below
state 20, pointing two directions as seen in Fig. 1. Ideally, state 20

is in the vapor region, in this way all of the condensed heat are

available in the condenser. After the gas phase refrigerant moves
from the desuperheater to the condenser, the condensation heat is
transferred to the water used for SH. Depending on the inlet varia-
bles, the state of the refrigerant can be located in the vapor/liquid
region or in the liquid region between states 20 and 3. In the P–h
diagram, this is indicated by a small arrow below state 3, pointing
two directions as seen in Fig. 1.

We can now turn our attention to the HP system with HGW
technology which is illustrated in Fig. 2. Schematic of the HP cycle
with HGW technology shows that there are three water cycles
marked in blue and one refrigerant cycle. This refrigerant cycle runs
R410a as the working fluid, which is frequently used in small and
medium HPs. The states of the refrigerant cycle are marked by num-
bers from 1 to 4, and they change through different system compo-
nents such as the compressor, the desuperheater, the condenser, the
expansion valve, and the evaporator. The working principle of these
cycles has been explained earlier. Next, steps are to define each state
with standard EN14511 [8] and to calculate the state properties.

3 Two Case Studies in Comparison to HGW

Performance

Two actual operating conditions have been selected for compar-
ison: a house (W10/W35) demanding 35 �C for floor heating and a
renovated building (W10/W45) demanding 45 �C for radiator
heating. In both situations, heat is extracted from the ground
though groundwater at 10 �C. The ideal properties for each living
conditions are assumed as follows:

W10/W35:

— evaporator temperature water cycle (inlet¼ 10 �C/
outlet¼ 7 �C)

— evaporator temperature refrigerant cycle (inlet¼ 7 �C/
outlet¼ 10 �C)

— inlet compressor $ saturated vapor
— desuperheater temperature water cycle (inlet¼ 35 �C/

outlet¼ 55 �C)
— desuperheater temperature refrigerant cycle (inlet¼ 55 �C/

outlet¼ 35 �C)
— desuperheater outlet refrigerant cycle $ saturated vapor
— condenser temperature water cycle (inlet¼ 30 �C/

outlet¼ 35 �C)
— condenser temperature refrigerant cycle (inlet¼ 35 �C/

outlet¼ 30 �C)
— condenser outlet refrigerant cycle $ saturated liquid

Fig. 1 Schematic of the simplified log P–h diagram of the HP cycle with HGW
technology
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W10/W45:

— evaporator temperature water cycle (inlet¼ 10 �C/
outlet¼ 7 �C)

— evaporator temperature refrigerant cycle (inlet¼ 7 �C/
outlet¼ 10 �C)

— inlet compressor $ saturated vapor
— desuperheater temperature water cycle (inlet¼ 45 �C/

outlet¼ 55 �C)
— desuperheater temperature refrigerant cycle (inlet¼ 55 �C/

outlet¼ 45 �C)
— desuperheater outlet refrigerant cycle $ saturated vapor
— condenser temperature water cycle (inlet¼ 40 �C/

outlet¼ 45 �C)
— condenser temperature refrigerant cycle (inlet¼ 45 �C/

outlet¼ 40 �C)
— condenser outlet refrigerant cycle $ saturated liquid

These temperatures are target temperatures to maximize the
heat exchange and they represent ideal cases.

4 Thermodynamic Cycle Analysis of the HP System

In order to evaluate the COP, a thermodynamic analysis based
on the energy and mass balances is done. Figure 3 demonstrates
the methodology of this analysis as per first and second laws of
thermodynamics.

The following assumptions represent the ideal case and are
made to simplify the calculations:

� Expansion valve process is isenthalpic.
� Compression process has the maximal isentropic efficiency.
� Condensation and evaporation process are isobaric.
� Refrigerant in states 1 and 20 is saturated vapor and in state 3

it is saturated liquid.

4.1 First Law Analysis

4.1.1 Mass Flow of Water in the Evaporator, _mw;e. The pump
of the evaporator’s water cycle has a fixed volumetric flow rate, in
m3/h, which is converted to mass flow rate in kg/s. This given
value is the starting point of the thermodynamic analysis per con-
servation of mass.

4.1.2 Heating Capacity of the Evaporator. _Qe ¼ _QL: The
conservation of energy for the evaporator is given as

_Ein � _Eout ¼ D _Esystem (1)

_mw;e;in � hw;e;in þ _m 4 � h4 ¼ _mw;e;out � hw;e;out þ _m1 � h1 (2)

where

_min � _mout ¼ D _msystem (3)

_mw;e;in ¼ _mw;e;out ¼ _mw;e ! _m4 ¼ _m1 ¼ _mr (4)

Combining with the energy balance for the heat exchanger gives

_Qe ¼ _mw;e ðhw;e;in � hw;e;outÞ (5)

4.1.3 Mass Flow of the R410a-Cycle, _mr. An energy balance
for the heat exchanger gives

_mr ¼
_mw;eðhw;e;in � hw;e;outÞ

ðh1 � h4Þ
(6)

4.1.4 Total Heating Capacity, _QH. The heating capacity of
the desuperheater and the condenser is

_QH ¼ _mr ðh2 � h3Þ (7)

4.1.5 Power Consumption of the Compressor, _Wcomp. Per
conservation of energy

Fig. 2 Schematic of the HP system with HGW technology

Fig. 3 Step-by-step calculation flow of the first and second law
analysis
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_m1 � h1 þ _mr � wcomp ¼ _m2 � h2 (8)

From conservation of mass

_m1 ¼ _m2 ¼ _mr (9)

Energy balance for the compressor gives

h1 þ wcomp ¼ h2 ! wcomp ¼ h2 � h1 ! _W comp ¼ _mr � wcomp

(10)

To check the calculation, a comparison can be made whether
_W comp ¼ _QH � _QL.

4.1.6 Compressor Efficiency, gcomp. Efficiency of the com-
pressor is found from

gcomp ¼
h2s � h1

h2 � h1

(11)

where h2s stands for the enthalpy for a compressor with an isen-
tropic efficiency of 100%. Comparison with the ideal cycle shows
that the most optimum efficiency is reached when HGW technol-
ogy is being used.

4.1.7 Mass Flow of Water in Desuperheater Cycle, _mw;d. Per
conservation of energy

_mw;d;in � hw;d;in þ m2 � h2 ¼ _mw;d;out � hw;d;out þ _m20 � h20 (12)

where

_mw;d;in ¼ _mw;d;in ¼ _mw;d ! _m2 ¼ _m20 ¼ _mr (13)

Energy balance on the heat exchanger gives

_mw;d ¼
_mr ðh2 � h20 Þ

ðhw;d;out � hw;d;inÞ
(14)

4.1.8 Heating Capacity of the Desuperheater, _Qd. Energy
balance over the heat exchanger gives

_Qd ¼ _mr ðh2 � h20 Þ (15)

4.1.9 Mass Flow of Water in Condenser Cycle, _mw;c. Conser-
Conservation of energy gives

_mw;c;in � hw;c;in þ _m20 � h20 ¼ _mw;c;out � hw;c;out þ _m3 � h3 (16)

where mass balance gives

_mw;c;in ¼ _mw;c;in ¼ _mw;c ! _m20 ¼ _m3 ¼ _mr (17)

Per energy balance for the heat exchanger

_mw;c ¼
_mr ðh20 � h3Þ
ðhw;c;out � hw;c;inÞ

(18)

4.1.10 Heating Capacity of the Condenser, _Qc. An energy
balance on the heat exchanger gives

_Qc ¼ _mr ðh20 � h3Þ (19)

To check the calculation, we can refer to _Qtot ¼ _QH ¼ _Qc

þ _Qd ¼ 6:44 kWþ 0:8195 kW ¼ 7:26 kW.

4.1.11 COP, COPHP, and COPHP,max. COP of the HP is cal-
culated from

COPHP ¼
_QH

_W comp

and COPHP;max ¼
1

1� ðTLÞ
ðTHÞ

(20)

4.2 Second Law Analysis. Second law analysis provides a
comparison between different components per exergy. With the
assumption of 293 K dead state temperature, formulas to perform
second law analysis are as follows for each component.

Evaporator: Per entropy balance

_Sin– _Sout þ _Sgen ¼ D _Ssystem ¼ 0 (21)

_mw;e � sw;e;in þ _mr � s4 � _mw;e � sw;e;out– _mr � s1 ¼ � _Sgen (22)

_Sgen ¼ _mw;e � ðsw;e;out sw;e;inÞ þ _mrðs1 � s4Þ (23)

_XDest;e ¼ T0 � _Sgen (24)

Compressor: From entropy balance

_mr � s2 � _mr � s1 ¼ _Sgen (25)

_Sgen ¼ _mrðs2 � s1Þ (26)

_XDest;comp ¼ T0 � _Sgen (27)

Desuperheater: Per entropy balance

_mw;d � sw;d;in þ _mr � s2– _mw;d � sw;d;out– _mr � s20 ¼ � _Sgen (28)

_Sgen ¼ _mw;d � ðsw;d;out � sw;d;inÞ þ _mr � ðs20 � s2Þ (29)

_XDest;d ¼ T0 � _Sgen (30)

Condenser: From entropy balance

_mw;c � sw;c;in þ _mr � s20– _mw;c � sw;c;out � _mr � s3 ¼ � _Sgen (31)

_Sgen ¼ _mw;cðsw;c;out � sw;c;inÞ þ _mr � ðs3 � s20 Þ (32)

_XDest;c ¼ T0 � _Sgen (33)

Expansion valve: Per entropy balance

_mr � s3 – _mrs4 ¼ � _Sgen (34)

_Sgen ¼ _mr � ðs4 � s3Þ (35)

_XDest;ev ¼ T0 � _Sgen (36)

4.3 Results. The results of the first and second law analysis
are compiled in Table 1 below for living conditions of 35 �C and
45 �C via HP cycle with and without HGW technology. The W10/
W55 regime represents the DHW production in a regular HP with-
out HGW technology. This calculation is based on parameters of
the both regimes with HGW. For these calculations, the tempera-
ture of the water coming out of the desuperheater is set at 55 �C.
This water is used for DHW applications. As noted earlier, stand-
ard HP cycle does not have desuperheater which effectuates
DHW while SH is simultaneously produced. Without the desuper-
heater, the condenser must handle the entire heat transfer operat-
ing on two separate regimes (W10/W35 or W10/W45 and W10/
W55) to deliver on the same demand as the HP featuring HGW
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technology (Qh¼Qc instead of Qh¼QcþQd). The W10/W55 re-
gime represents the DHW production in a regular HP without
HGW technology. This calculation is done twice, based on param-
eters of the both regimes with HGW.

Because of the constant use of the same temperature difference
and the same mass flow on the water side of the evaporator, the
heat capacity to exchange heat with the refrigerant cycle also
remains constant at 6.27 kW. It should be noted that higher the
output temperature along the condensing side, lower the COP
value becomes. This is due to the fact that the temperature differ-
ence between condenser and evaporator is greater, thus work con-
sumption of compressor increases. It should also be noted that the
heat transfer rate of the desuperheater increases when the output
temperature is higher yielding more sanitary hot water production
at higher temperature regimes. Ideally, the maximum COP when
using HGW technology is equal to the COP when the system only
produces SH. Despite the calculations are executed for ideal case,
the compressor, the expansion valve, and the condenser are the
components mostly responsible for increase in total exergy
destruction.

Following calculations provide the total exergy destroyed when
the HP systems with and without HGW technology operate for
1 hr in living conditions of W10/W35 and W10/W45. Table 2
summarizes the calculation methodology for total exergy destruc-
tion in HP systems with and without HGW technology.

Because the SH is basically the same cycle as the HGW tech-
nology without the desuperheater, the exergy destroyed for each
component in that cycle should not be very different. This state-
ment is correct for the living environment of W10/W35. But look-
ing at the exergy destroyed by the compressor, condenser, and the
expansion valve for living environment of W10/W45, there is a
large difference in between the values. This explains why the the-
oretical total exergy destroyed shows too much of a difference
between HGW and SH. For that reason, the results for living envi-
ronment of W10/W45 cannot be considered as accurate. However,

the results for living environment of W10/W35 can be used for
further discussions.

5 Economic Analysis

This section demonstrates the economic benefit of an HP sys-
tem with HGW technology in comparison to a regular HP system
for per two living environment, namely, a house (W10/W35),and
a renovated building (W10/W45).

5.1 Theoretical Profit Determination. The distribution
shows how much percentage of the heating capacity is delivered
to the water cycle by each component. Figure 4 demonstrates the
distribution for both regimes.

For higher temperature regime of 45 �C, amount of heat avail-
able in compressed vapor gasses corresponds 12.4% of the total
heat capacity which is 11.3% higher than that of the 35 �C regime.
The electrical consumption is determined for both HP systems for
1 hr duration. For the HP working in HGW mode, the electrical
consumption is calculated as follows:

Wt ¼
QH

COP
(37)

For the regular HP system working without the HGW technology,
the calculation is split into two parts: SH with the condenser and
DHW production with the desuperheater. Operation time for the
SH part is calculated as follows:

t ¼ Qc

_QH

(38)

The electrical input for the SH portion

Wcomp;c ¼
_QH

COP
� t (39)

The difference between the HGW technologies is that a portion of
DHW is produced with a lower COP. The time that the valve
takes for DHW production is

t ¼ Qd

_QH

(40)

The electrical input for the DHW portion is

Wcomp;d ¼
_QH

COP
� t (41)

Table 1 Summary of results for W10/W35 and W10/W45 with and without HGW technology

Cycle
_mw;e

(kg/s)

_QL

(kW)
_mr

(kg/s)

_Qh

(kW)

_W comp

(kW)
gc

(%)
_mw;d

(kg/s)

_QD

(kW)
_mw;c

(kg/s)

_Qc

(kW) COP

W10/W35 with HGW 0.5 6.27 0.0372 7.26 0.993 68.24 0.0097 0.82 0.3051 6.44 7.31
W10/W35 without HGW 0.5 6.27 0.0372 7.26 0.993 68.24 — — 0.3459 7.26 7.31
W10/W55 without HGW 0.5 6.27 0.0507 8.59 2.31 68.24 — — 0.4069 8.59 3.70
W10/W45 with HGW 0.5 6.27 0.0425 7.32 1.055 100 0.0215 0.91 0.3038 6.42 6.95
W10/W45 without HGW 0.5 6.27 0.0425 7.32 1.055 100 — — 0.3468 7.32 6.95
W10/W55 without HGW 0.5 6.27 0.0507 9.67 3.402 100 — — 0.4586 9.67 2.84

Table 2 Calculation steps for total exergy destruction by HP system with HGW technology and a regular HP

Living
environment

_Xdest;total SH

(kW)
tSH

(hr)

_Xdest;total DHW

(kW)
tDHW

(hr)
Xdest;total

(kWh)

_Xdest;HGW

(kW)
Xdest;total HGW

(kWh)

W10/W35 0.8001 0.97 2.5003 0.03 0.8511 0.6988 0.6988
W10/W45 1.0463 0.79 3.8492 0.21 1.6349 3.0577 3.0577

Table 3 COP and electrical input differences between the HGW
technology and a regular HP for living conditions W10/W35 and
W10/W45

W10/W35 With HGW Without HGW Difference (%)

COP 7.31 6.58 11.02
Wcomp (kWh) 0.993 1.103 11.02

W10/W45 With HGW Without HGW Difference (%)

COP 6.95 5.88 17.91
Wcomp (kWh) 1.055 1.244 17.91
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The total electrical consumption to deliver the same heat demand
via the HP with HGW technology is

Wt ¼ Wcomp;c þWcomp;d (42)

The COP is calculated by taking the heating capacity produced
and the total electrical consumption input as follows:

COP ¼ QH

Wt
(43)

Table 3 summarizes the results and shows the performance differ-
ence in terms of COP of the two systems.

It is obvious that the simultaneous production of SH and DHW
by the HP system using HGW technology is more beneficial than
the regular HP system producing the same amount of heating
demand. For living conditions of W10/W35 delivering tempera-
ture of 35 �C, the profit is 11.02% which is more than what the
manufacturer claims. However, it must be taken into account that
these calculations are done for ideal conditions. In reality, the ben-
efit is lower. The profit of the HGW technology versus a regular
HP system is a lot higher for the W10/W45 than it is for the W10/
W35. This is because of selecting an isentropic efficiency of
100% which is not possible in actual case. Therefore, the living
condition W10/W35 shows more realistic results after these
calculations.

5.2 Case Studies. In this section, performance of an HP with
HGW is compared to a regular HP for two cases: a house with a
specific SH and DHW demand and a small hotel with larger DHW
demand. On both cases, the living conditions W10/W35 and W10/
W45 are applied per aforementioned details of cycle specifics. Per
data from GeoTherma, an average family house has a yearly SH
demand of 20,000 kWh and a DHW demand of 4000 kWh. For the
case of small hotel, DHW demand is equal to the SH demand of
20,000 kWh. In order to produce 20,000 kWh SH using an HP
with HGW through the condenser, the following amount of heat is
required:

QH;HGW ¼
20; 000 kWh

%QC
(44)

whereas the electrical input using HGW technology is

Wcomp;HGW ¼
QH;HGW

COP
(45)

The extra amount of energy that is produced for DHW on account
of the desuperheater portion is

Qd ¼ QH;HGW �%Qd (46)

It should be noted that there is 4000 kWh demand for DHW.
Therefore, QH;DHW ¼ 4000 kWh�Qd still needs to be produced
for sanitary water use with a lower COP of the sanitary regime

Wcomp;DHW ¼
QH;DHW

COP
(47)

The total electricity consumption to produce the required heat
demand for SH and DHW is

Wt ¼ Wcomp;SH þWcomp;DHW (48)

The COP is calculated per heating capacity produced and the total
electricity consumption as follows:

COP ¼ QT

Wt
(49)

In order to produce 20,000 kWh through the condenser to meet
SH demand, the time it takes for the HP without HGW can be
found as follows:

t ¼ QH;SH

_QH

(50)

whereas the electricity input to meet the SH demand can be calcu-
lated as follows:

Wcomp;SH ¼
_QH

COP
� t (51)

In order to produce 4000 kWh or 20,000 kWh with the desuper-
heater to meet the DHW demand, the time it takes can be found
from

t ¼ QH;DHW

_QH

(52)

whereas the electricity input for the DHW can be found from

Wcomp;DHW ¼
_QH

COP
� t (53)

The total electricity consumption to produce the same amount of
heat via the HP system with HGW technology is

Wt ¼ Wcomp;SH þWcomp;DHW (54)

The COP is calculated per the total heating capacity produced and
total electricity consumption as follows:

COP ¼ QT

Wt
(55)

Table 4 summarizes the results and shows the difference (%)
between the two systems for the case study of a house.

Table 5 summarizes the results and shows the percentage differ-
ence between the two systems for the case study of a small hotel.

Comparison of the HGW technology use in a house versus in a
small hotel shows that use of HGW technology instead of a stand-
ard HP for living condition of W10/W35 in an average family
house goes up to approximately 10% on an annual basis, whereas
it only gets 4.36% savings per year in a small hotel. Because the
DHW demand in a small hotel is much higher, contribution of the
HGW technology decreases because of the fact that more DHW is
produced without HGW in the living condition of W10/W55 with
lower COP. This makes the HGW technology less significant for
usage in applications like small hotels where there is a high
demand for DHW.

5.3 Payback Time. An HP system (6 kW) with HGW tech-
nology, which is the system used in the test stand, costs e6828
(excluding tax), while the price of a regular HP system is e6432

Table 4 Differences of the COP and electricity input between
the HP with HGW technology and a regular HP in a house for liv-
ing conditions of W10/35 and W10/W45

W10/W35 With HGW Without HGW Difference (%)

COP 6.90 6.29 9.77
Wcomp (kWh) 3476.53 3816.31 9.77

W10/W45 With HGW Without HGW Difference (%)

COP 6.49 5.59 15.92
Wcomp (kWh) 3700.09 4289.05 15.92

032005-6 / Vol. 138, MAY 2016 Transactions of the ASME

Downloaded From: http://energyresources.asmedigitalcollection.asme.org/ on 03/15/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



(excluding tax). It is quite remarkable how e396 difference can
give approximately 10% saving for an average family home. Tak-
ing the unit price of 1 kWh as e0.21 [9], the yearly operation costs
in a house would be as seen in Table 6.

The time it takes to recover the investment made for an HP sys-
tem with HGW technology versus a regular HP system for living
condition of W10/W35 can be found as follows:

Payback time HGW ¼ Extra cost HGW

Savings

year

¼ e 396

801:43
e

year
� 730:07

e

year

¼ 5:55 years

(56)

6 Experimental Setup and Measurement Procedure

This section is to check the theoretical calculations by running
tests and taking measurements at Geotherma setup consisting of
an HP system with HGW technology called Diplomat Optimum
G3–6 kW. The test setup is subject to realistic conditions so that
the contribution of HGW technology can be examined like it
works in real llife.

6.1 Experimental Setup. Figure 5 demonstrates the principle
operating scheme of the test setup with the measuring devices.
The connections of the devices are drawn as a dotted line.

The main components of the test setup consist of a compressor,
desuperheater, condenser, expansion valve, and evaporator. The
desuperheater delivers heat for DHW and the condenser does the
same for SH simultaneously. The cycle runs R410 as refrigerant
and is a water/water HP.

Normally, the source tank is a cluster of heat exchanger pipes
extracting heat from the Earth’s surface. To represent that heat
source in this test setup, the source tank and the output tank are
added. In source tank, the evaporator extracts water that is kept
constant at approximately 10 �C by using an aquastat. The second
tank is the output tank of the HP system, which represents the SH
system. The water in this tank is heated by the condenser and it is
directly used for SH. When the temperature of the source tank
drops, the output tank provides the necessary heat so that the
source tank maintains stable temperature. The temperature differ-
ence is set at 5 �C.

Aquastat is a sensor device to keep water temperature at the top
of the source tank constantly at 10 �C. When the temperature
decreases below 10 �C, the aquastat sends a signal to the pump

Table 5 Differences of COP and electricity input between HP
with HGW technology and a regular HP installed at a small hotel
with living conditions W10/35 and W10/W45

W10/W35 With HGW Without HGW Difference (%)

COP 5.13 4.91 4.36
Wcomp (kWh) 7800.85 8140.64 4.36

W10/W45 With HGW Without HGW Difference (%)

COP 4.29 4.03 6.31
Wcomp (kWh) 9333.89 9922.85 6.31

Table 6 Yearly operation costs in a house based on electricity
input per HGW technology and a regular HP for living condition
of W10/W35

With HGW Without HGW

Wcomp (kWh) 3476.53 3816.31
Cost/year 730.07 801.43

Fig. 4 Heat capacity and distribution of the desuperheater and
condenser

Fig. 5 Principle scheme of the test setup consists of an HP system with HGW
technology
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and the valve, which are connected to the output tank. The warm
water in the output tank then flow to the source tank to heat it up,
while cold water is drained from the source tank to the output
tank. That way, the water in source tank remains at constant
temperature.

Heat-meter kits are heat sensors to measure water flow rate as
well as the inlet and outlet temperature of the condenser and evap-
orator. These parameters can be read off the heat-meter display.
Next to the actual heat transfer rate, the display also shows the
heat transfer rate accumulated. Therefore, the measured parame-
ters in this setup are: _V , Tw,in, Tw,out, Q, and _Q, whereas the kilo-
watt hour-meter is used to measure the electrical energy
consumption of the HP Welec,hp. With thermocouples, the tempera-
tures of the HP system cycle are manually measured as T1, T2,
T20, T3, and T4.

In addition to manual measurements, the HP system has built-in
measuring components. For example, on the display of the HP
system, inlet and outlet temperature of the water in the condenser
and the evaporator can be observed as Tw,c,in, Tw,c,out, Tw,e,in, and
Tw,e,out. These readings are used to double-check manual measure-
ments. As for the water temperatures at the bottom and at the top
of the DHW boiler, these temperatures can be read from the dis-
play as follows: Tboiler,up, Tboiler,low, and Tboiler.

It should be noted that the HGW technology has required condi-
tions concerning the temperature. The HGW temperature sensor is
placed at the water outlet of the desuperheater to check this

requirement. Between this temperature and the lower sensor tem-
perature of the boiler tank, there has to be a difference of 25 �C. It
is setup this way to make sure that the water at the top of the
boiler tank does not cool down when heated water enters the
boiler tank. The HGW technology starts heating up the water in
case of heat demand only when this difference is accomplished.

6.2 Experimental Procedure. The measurements were taken
at two living conditions stated in the theoretical analysis as W10/
W35 and W10/W45 per several time intervals. For both living
conditions, the following were tested to observe the reaction of
the HP system:

� Stationary installation: In this test, the HP was shut down or
did not work for a while, meaning that the boiler of the
DHW was completely cooled down. It is the fact that the
boiler first needs to be warmed up to produce SH for the
comfort of the users. As a reaction to this situation, the HP
only produced DHW in order to heat the boiler as quickly as
possible. As an example, Table 7 shows the measurement
results for this test where the HP system is only producing
DHW as marked in red.

� SH: The HP started producing heat for SH only when the
boiler tank was warmed up.

� Shower and bath: For a realistic test and the use of HGW
technology, DHW consumption is necessary. For example,

Table 7 Measurement results when the HP is only producing DHW

Measuring Td1 Td2 Td3 Td4 Td5 Td6

Point of time 11:37:00 11:44:00 11:53:00 12:02:00 12:10:00 12:17:00
Dt (min) — 7 7 9 8 7
T1 (�C) 14.4 13.2 12.2 15.3 13.1 —
T2 (�C) 66.4 64.4 75.9 74.2 76.5 —
T20 (�C) 37.5 41.3 43.9 45.5 47.1 —
T3 (�C) 23.9 27.0 30.6 35.6 41.2 —
T4 (�C) 10.4 11.9 11.1 12.9 16.5 —
Tw,evap,in (brine naar) (�C) 13.0 11.0 10.0 9.0 12.0 —
Tw,evap,out (brine van) (�C) 9.0 8.0 7.0 6.0 9.0 —
Qe (kW) — 6.10 5.20 3.25 3.02 —
Mw,evap (kg/s) — 0.484 0.412 0.258 0.240 —
Tw,desup,in (2) (

�
C) 43.0 45.0 44.0 46.0 47.0 —

Tw,desup,out (1) (�C) 45.0 48.0 48.0 48.0 49.0 —
Vw,desup (m3/hr) 0.10 0.35 0.36 0.41 0.72 —
mw,desup (kg/s) 0.03 0.10 0.10 0.11 0.20 —
Qd (kW) 0.13 1.45 1.43 1.35 1.43 —
Heat meter Qdesup (kWh) 0.00 0.1 0.23 0.43 0.65 0.73
Qdesup (kWh) — 0.10 0.13 0.20 0.22 0.08
Tw,cond,in (2) (�C) 24.0 26.0 29.0 34.0 40.0 —
Tw,cond,in (display, check) (�C) 24.0 27.0 30.0 35.0 42.0 —
Tw,cond,out (1) (�C) 36.0 44.0 44.0 44.0 45.0 —
Tw,cond,out (display, check) (�C) 44.0 43.0 44.0 45.0 47.0 —
Vw,cond (m3/h) 0.13 0.34 0.38 0.44 0.76 —
mw,cond (kg/s) 0.036 0.094 0.106 0.122 0.211 —
Qc (kW) 1.00 6.70 6.30 4.85 4.45 —
Heat meter Qcond (kWh) 0.00 0.30 1.07 1.87 2.52 3.00
Qcond (kWh) — 0.30 0.77 0.80 0.65 0.48
KWh m 56.43 56.62 56.85 57.12 57.38 57.6
Welec,hp (kWh) — 0.19 0.23 0.27 0.26 0.22
Wequip (kWh) (0.162 kW) — 0.0189 0.0189 0.0243 0.0216 0.0189
Wcomp (kWh) — 0.171 0.211 0.246 0.238 0.201
We (kW) — 2.053 2.533 2.948 2.861 2.413
Tcitywater (�C) 17.0 17.0 17.0 17.0 17.0 17.0
Tboiler,low (�C) 22.0 23.0 28.0 33.0 38.0 41.0
Tboiler,up (�C) 25.0 31.0 36.0 41.0 45.0 47.0
Tboiler, weight (�C) 23.0 25.0 30.0 35.0 40.0 44.0
Vdhw (�C) — — — — — —
Tdhw (�C) — — — — — —
Space heating
Domestic hot water
HGW
Comments START boiler warm-up Boiler 25 �C Boiler 30 �C Boiler 35 �C Boiler 40 �C STOP boiler warm up
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in an average family house, a shower takes up about 50 l of
water, and a bath would use about 100 l of water.

6.3 Data Reduction. The COP of the HP as well as the heat
transfer rates and mass flows are calculated from the measured
data

COP ¼ QH=Wt (57)

The equipment that was used for other purposes than compressing
vapor refrigerant was subtracted from the total electricity con-
sumption of the HP system. Therefore, the total electricity con-
sumption of the compressor is calculated by summing up the
various power consumption values measured at different times

Wt ¼ RWcomp (58)

Referring to the theoretical calculations, it is known that the mass
flow of the water cycle through the desuperheater at HGW mode
is low. In fact, it is so low that it does not get noticed in system
measurement component. Because the water flow rate is often too
low to measure, it causes an inaccurate estimation for the heating
capacity. However, the heat transfer rate of the desuperheater can
be calculated referring to the heat transfer rate of the condenser in
HGW conditions subtracted from the total heat transfer rate when
the HP is only producing SH

_Qd ¼ _QH � _QC (59)

where the heat transfer rate of the evaporator is

_Qe ¼ _Qc � _W comp (60)

Added with Q_d in case of HGW mode, mass flows rates of three
heat exchangers are calculated as follows:

_mw;e ¼
_Qe

cp;w � Tw;e;in�Tw;e;outð Þ
(61)

_mw;d ¼
_V w;d � q
3600

(62)

_mw;c ¼
_V w;c � q
3600

(63)

7 Results and Discussion

Actual operating COPs are compared to the HP system with
and without HGW technology and the theoretical values found
per thermodynamic analysis.

7.1 COP. Table 8 summarizes the COPs of HGW technology
system producing SH and DHW.

Table 8 shows that HGW technology has the best efficiency for
living condition W10/W35. COP value mentioned in the data
sheet of the HP Diplomat Optimum G3–6 kW is 4.2 and has a heat
capacity of 5.8 kW. As this data sheet is for a living situation of
B0/W35 which is for Brine instead of water and at a higher

temperature difference between source and output, it can be con-
cluded that the COP in Table 8 for living condition W10/W35 is
higher. The difference in between the COPHGW and COPSH for
living condition of W10/W45 is less noticeable. This shows the
accuracy of the analysis as they are supposed to be equal because
the heat demand to maintain 55 �C is the same. Therefore, the
COPDHW values should be equal for both conditions, which is the
case.

7.2 Estimation of the Practical Profit. Table 9 summarizes
the distribution of the heat transfer through the desuperheater and
condenser for both living conditions.

It is remarkable that the heat transfer of the desuperheater is
about seven times higher for W10/W45. Referring to the theoreti-
cal analysis, the heat capacity of the desuperheater is much lower.
As a consequence, less DHW is being produced simultaneously
and the efficiency decreases. The actual benefit was calculated for
an operating time of 1 hr and it is summarized in Table 10 by
comparison to the values found from the theoretical estimation of
the profit.

From these calculations, it is clear that the actual benefit is not
as high as the theoretical profit. For the living condition W10/
W35, there is an actual profit of 4.73% versus a theoretical benefit
of 11.02%. As for the living condition of W10/W45, the actual
profit is 3.59% whereas the theoretical profit is 17.9%. Per discus-
sion made according to the thermodynamic analysis, the isen-
tropic efficiency of the living condition W10/W45 was assumed
100%. The results in the table show that this is not possible under
real conditions and highlights the importance of isentropic
efficiency.

It should be noted that although 10% profit is not achieved in
reality, there is still some profit made. For example, there is
4.73% in living condition of W10/W35 and 3.59% for living con-
dition of W10/W45. Not achieving 10% profit might be caused by
a possible deviation from the results due to an unstable source,
some measurement errors, and poor insulation.

For the same living conditions, the realistic COP values for HP
systems with and without HGW technology change less in reality
than the theoretical values do. Because the actual COPs are lower,
it is obvious that the electrical consumption is proportionally
higher. It should be noted that per comfort choice of the end user,
the HP system will not always operate in HGW mode. As it can

Table 8 Comparison of actual operating COPs for living condi-
tions of W10/W35 and W10/W45

COPHGW COPSH COPDHW

W10/W35 4.86 4.69 3.39
W10/W45 3.89 3.95 3.37

Table 9 Heat capacity and distribution of the desuperheater
and condenser for living conditions of W10/W35 and W10/W45

_Qdesup (kW) _Qcond (kW) _Qh (kW)

W10/W35 with HGW 0.20 6.23 6.43
3.11% 96.89% 100%

W10/W45 with HGW 1.41 5.23 6.68
21.24% 78.76% 100%

Table 10 Actual versus theoretical benefit of HP system with
HGW technology against regular HP system

W10/W35 With HGW Without HGW Difference (%)

COP 4.86 4.64 4.73
Wcomp (kWh) 1.322 1.385 4.73
COPth 7.31 6.6 11.02
Wcomp;th (kWh) 0.993 1.103 11.02

W10/W45 With HGW Without HGW Difference (%)

COP 3.89 3.81 3.59
Wcomp (kWh) 1.705 1.740 3.59
COPth 6.943 5.88 17.9
Wcomp;th (kWh) 1.055 1.240 17.9
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be seen in living condition W10/W35, for example, DHW demand
for taking a shower, etc., the HP system will switch quickly from
HGW technology to heat up the water in the boiler with a better
COP. This is mainly because the water temperature for SH is con-
siderably lower than the required water temperature for DHW.
However, this occurs less rapidly when using HGW technology
for the living condition of W10/W45.

7.3 Case Study: House and Small Hotel

7.3.1 House Case. It is obvious that the annual actual profit of
the HGW technology would be lower than the theoretical profit in
ideal conditions for an average family house. For the living condi-
tion of W10/W35, this is about 3.84% whereas the theoretical
ideal benefit is 9.7%. The same counts for the living condition of
W10/W45 where the actual profit is 2.07% while theoretical profit
in ideal conditions is 15.9%.

Per calculations of the living condition of W10/W45, it can be
stated that the simultaneous production of heat for DHW with a
higher COP is more than the demand of 4000 kWh. For that rea-
son, no extra DHW needs to be produced like in living condition
of W10/W35.

The difference between the profit after 1 hr and the profit after
1 yr for the living condition of W10/W45 is very small. This is
because the COPs of HGW technology for production of SH and
production of DHW are close to each other.

The extra cost of installation of the HGW technology can be
paid back after less than nine and a half years, which is longer
than the theoretical five and a half years. The payback time in
reality is thus longer than the payback time in ideal conditions
because of the ratio of the COPs between a regular HP system and
an HP system with HGW technology. In this case, the amount of
DHW that is not produced simultaneously will be produced on a
COP (DHW) that is only 30% lower. Theoretically, this COP was
50% lower. On the other hand, the living condition of W10/W45
using HGW technology will gain a profit of only 2.07%, and the
payback time for installing the HGW technology is approximately
14 yrs.

7.3.2 Small Hotel Case. Like it was clear in the analysis of an
average family house case, the actual COP values in this case
would be lower than the theoretical ones; thus, the annual electri-
cal consumption would be higher in reality.

As mentioned in the theoretical analysis of small hotels, the
contribution of HGW technology is less interesting in this type of
building. The reason for that is the higher demand of DHW pro-
duction and the fact that there will be more DHW production with
a lower COP. Yet, the difference between these COPs is very
small, so there would be still some profit to make.

For a small hotel, the payback time is equal to the one for an
average family house because of the same COPs. As the DHW
demand is greater, the annual electrical consumption becomes a
lot higher.

7.4 Comparison to Another SH System: Condensing
Boiler. An efficient condensing combi-boiler, namely, a Viess-
man Vitodens 333-F [10], is selected for this comparison and it is
ideal for low-temperature systems such as floor heating. The heat-
ing system contains a boiler tank of 100 L capacity for DHW pro-
duction just like the HP system of the test setup in GeoTherma.

For an average family house in the living condition of W10/
W35, the HP system with HGW technology has a supplementary
cost of e2112 per values in Refs. [11–14]. The payback time is
3.5 years by means of an energy saving of approximately 600 e/
years. Although this is a reasonable payback time for an HP ver-
sus a condensation boiler, it has to be taken into account that the
calculation of the payback time only includes the purchase cost of
the machines and not the installation costs. This cost for an HP
system is much higher than the installation cost of a condensation
boiler, e.g., it costs almost the same price as the purchase price of

the HP. This higher amount is caused by the ground loop heat
exchangers that must be vertically or horizontally placed in the
ground. Thus, the payback time is approximately twice as long.
However, when examining the energy cost per year, it should
be noted that a saving of around e500 can be made per year
when using an HP system which makes it an attractive
investment.

8 Conclusions

Experimental and theoretical analyses of a ground sourced HP
system with HGW technology used for the simultaneously pro-
duction of SH and DHW were presented. For a living situation
condition of W10/W35 at a temperature of 35 �C, a profit of
11.02% would be obtained in theory which is even higher than the
10% claimed by the manufacturer. On the other hand, the theoreti-
cal profit for living condition of W10/W45 is 17.91% because of
the selection of perfect isentropic efficiency. This, however, is not
possible in reality. For that reason, the living condition of W10/
W35 shows more realistic results after these calculations. But it
must be taken into account that these calculations were done for
ideal conditions. In reality, the profit will be smaller.

A comparison of HGW technology use in a house versus a
small hotel was made, and these cases were then compared to
standard HP system. Results showed that in order to provide SH
and DHW for the living condition of W10/W35 in an average
family house, the savings may go up to approximately 10% on an
annual basis. On the other hand, this living condition in a small
hotel with higher DHW demand only gets 4.36% savings per year.
As for the living condition of W10/W45, there is less profit.

In conclusion, the results of this study have proved that the
10% efficiency profit claimed by the manufacturer is not achieved
by using an HP system with HGW technology. However, during
the actual measurements, a profit of approximately 5% was
noticed for a living condition of W10/W35. This result is higher
than the standard test conditions of B0/W35. This is also the rea-
son why the calculated COP value of 4.6 is higher than the COP
of 4.3 reported on the technical datasheet of the HP system. For
the living condition of W10/W45, an HP with HGW technology is
less meaningful because of the lower profit of 3.6%. However,
this system can produce more DHW simultaneously because of
the higher distribution of the total heat capacity transferred by the
desuperheater.

It was found that when HGW technology is installed in an aver-
age family house, there could be a saving of about e42.16 per
year. Comparing to the purchase price of the HP, this means that
the payback would be less than nine and a half years. An HP sys-
tem with HGW technology is an attractive investment, because of
its energy efficient operation in comparison to other SH systems.
When purchasing an HP system with HGW technology versus a
condensing boiler, the additional cost of the device would be
gained back in less than 4 yrs because of an annual saving of
about e600. However, due to the high purchase price of the HP
installation on top of the purchase price of the HP system, end
users tend to often choose other type of heating systems.

Nomenclature

COP ¼ coefficient of performance
DHW ¼ domestic hot water

_E ¼ rate of energy (kW)
GHP ¼ geothermal heat pump

h ¼ enthalpy (kJ/kg)
HGW ¼ hot gas water

HP ¼ heat pump
Liq ¼ liquid

_m ¼ mass flow (kg/s)
P ¼ pressure (kPa)
Q ¼ heat (kWh)
_Q ¼ heat transfer rate (kW)

032005-10 / Vol. 138, MAY 2016 Transactions of the ASME

Downloaded From: http://energyresources.asmedigitalcollection.asme.org/ on 03/15/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



s ¼ entropy (kJ/kg K)
_S ¼ entropy rate (kW/K)

Sat ¼ saturated
SH ¼ space heating

T ¼ temperature (kJ/kg K)
Vap ¼ vapor

VAT ¼ value added tax
W ¼ work (kWh)

Subscripts

C ¼ condenser
Comp ¼ compressor

D ¼ desuperheater
Dest ¼ destroyed

E ¼ evaporator
Ev ¼ expansion valve

Gen ¼ generated
H ¼ heat output
in ¼ input
L ¼ source input

Max ¼ maximum
Out ¼ output

R ¼ refrigerant
S ¼ isentropic
T ¼ total

W ¼ water
0 ¼ dead state

Greek Symbols

_W ¼ power (kW)
_X ¼ rate of exergy (kW)

� ¼ efficiency
q ¼ density
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