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ARTICLE INFO ABSTRACT

Keywords: In this study, a new setup for the reduction of the return temperature in district heating systems
Absorption heat pump will be presented. For this purpose, an ammonia-water absorption heat pump will be integrated
District heating system within a district heating substation and theoretically investigated. The idea of this coupling is
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that the district heating flow is used to power the generator of the heat pump. The district heating
return is cooled in the evaporator. In this way, the capacity of the district heating system can be
increased or the mass flow rate can be reduced. Additionally, the lower return temperature leads
to a higher efficiency of the whole system.

The field of possible operating points for such a system is also revealed and discussed.

1. Introduction

The temperature level of customer heating systems is subject to a constant change, e.g. due to decreasing heat consumption along
with energy-efficiency retrofits or refurbishments of existing buildings. In district heating systems, however, higher operating
temperatures and exergy levels are available. While, in customer heating systems, temperatures up to 70 °C are required for providing
domestic hot water and room heating, temperatures range from 70 °C up to 140 °C in district heating systems in Germany [1]. An
improved cooling of the district heating water leads to a reduction of the return temperature. Thus, heat distribution losses are
reduced, the integration of low temperature (waste) heat sources are supported and the heat supply is increased [2,3]. It also allows
to reduce the mass flow rate or increases the capacity of the district heating system significantly [4].

One opportunity to achieve these effects is to use the high temperature of the district heating flow to power an absorption heat
pump with the working pair ammonia-water. After the cooling of the district heating water in a regular district heating substation, in
the following referred as main heat exchanger, the return of the main heat exchanger can be used as heat source for the evaporator;
leading to an improved cooling of the district heating water.

Due to the high corrosiveness of ammonia-water mixtures and the high system pressure, only stainless steel components with a
pressure resistance of at least 30 bar at 150 °C should be used for the construction of an ammonia-water absorption heat pump. As
long as the ammonia filling quantity is less than 10 kg, hardly any safety regulations for the place of installation of the heat pump
have to be observed [5].

2. Process description and analysis

The schematic design of the district heating substation with an integrated absorption heat pump is shown in Fig. 1. The refrigerant
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Nomenclature Subscripts
cp specific heat capacity in kJ-(kg-K)! abs absorber
E exergy change in kW amb ambient
h specific enthalpy in kJ-kg?! app approach
M mass flow rate in kg-s™ c cooling
P pressure in bar CHS customer heating system
P electrical power in kW cond condenser
Q heat flow in kW DHS district heating system
; specific entlz)pylin kJ-(kg-K)? evap evaporator
entropy in kJ-K ex exergetic
T thermodynamic temperature in K gen generator
w heat capacity rate in kW-K! h heating
AD temperature difference in K high high level
A€ degassing range — in inlet
9 temperature in °C low low level
i efficiency — MHX main heat exchanger
¢ heat ratio — out outlet
3 mass fraction — pump circulating pump
return  district heating return
Abbreviations SS strong solution
WS weak solution
RHX refrigerant heat exchanger
SHX solution heat exchanger
district heating flow customer heating flow
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Fig. 1. Schematic design of the proposed district heating substation with integrated ammonia-water absorption heat pump with exemplary data.
ammonia is available in vapour phase (1). The refrigerant vapour is mixed with the weak solution (9) in the absorber, resulting in the
refrigerant’s absorption. In this process, the heat of absorption Q, is released. Therefore, heat must be transferred to the customer

heating system at a medium temperature level. At the end of the absorption process, the strong solution has an increased ammonia
mass fraction &g and is in liquid state (2). Via a solution pump, the strong solution is adjusted to the high pressure (3).
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The generator takes heat Qgen at a high temperature level from the district heating flow to separate the strong solution (6) into
refrigerant vapour (10) and weak solution (7). The latter is fed back to the absorber and reused for the absorption process. In order to
increase efficiency, a solution heat exchanger (SHX) is used for internal heat recovery between strong solution (3—4) and weak
solution (7—8).

The refrigerant vapour extracted from the generator is no pure ammonia due to its thermodynamic equilibrium with the solvent
water. In order to increase the refrigerant’s purity, the vapour is partially condensed in a dephlegmator. In this process, water is
predominantly separated, accumulates in the liquid phase and is fed back to the generator. As heat sink for the dephlegmator, the
strong solution at high temperature can be used for high exergetic efficiency (5—6) [6]. The refrigerant vapour (11) is liquefied in the
condenser at the temperature level of the customer heating flow where another part of the useful heat is extracted from the process.
Via an expansion valve, the liquid refrigerant’s pressure is reduced to the low pressure of the heat pump (13—14). At the low
pressure, the refrigerant can be evaporated at a low temperature level (14—15). This effect is used to extract heat from the district
heating return and thus to achieve the return temperature reduction. The refrigerant heat exchanger (RHX) is used to increase the
efficiency in the process: the refrigerant vapour (15—1) is superheated and the liquid refrigerant is subcooled after the condenser
(12—13).

As a result of the proposed coupling, the heat transferred to the evaporating refrigerant leads to the reduction of the district
heating return temperature even below the customer heating return temperature. For illustration purpose, an example is discussed in
the following sections.

2.1. Energy balance

The advantage of the given concept can be shown by the use of the exergetic efficiency as well as an energy balance for a heat loss
free district heating substation. The heat input in the generator Qgen, in the evaporator Q'evap, in the main heat exchanger Qypx and the
electrical power of the solution pump B,,m, must be equal to the useful heat in the customer heating system. The latter is the sum of
the transferred heat in the absorber Q.s, the condenser Q.on¢ and the main heat exchanger Qypx.

QMHX + Qgen + Qevap + Ppump = QMHX + Qabs + Qcond (1)

To assess the efficiency of an absorption heat pump, the heat ratio ¢, is defined as ratio of the useful heat of the heat pump to the
heat needed at the generator. Neglecting the electrical power of the solution pump, the heat ratio can be rewritten as shown in Eq.

).

{h — Qabs + Qcond ~1+ Qevap — 1+§—C
Qgen Qgen (2)

According to Eq. (2), the heat ratio of an absorption heat pump ¢, is directly related to the heat ratio of an absorption chiller ¢_.
The latter results in the ratio of temperature differences in the district heating system by assuming a constant specific heat capacity c;:

Qeva Mpus-¢pASpHs,eva Woas-ASpHs,eva ABpHS eva
_ p _ p P _ p_ p

&

Qgen Mpys CpABpis, gen Wons A9pns,gen ABpHs gen 3)

In order to achieve a high reduction of the district heating return temperature, the temperature difference at the evaporator
A8pHys,evap has to be high. The heat ratio ¢, depends on the specific operating point. According to Eq. (3), a high heat ratio ¢, as well as
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Fig. 2. Increase in capacity of the district heating substation due to the reduction of the district heating return temperature. The heat ratio of the
absorption heat pump is assumed to be § = 1.5.
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a high temperature difference at the generator A8pys gen are required for reaching a high temperature difference at the evaporator
A8ppys,evap and hence a high reduction of the district heating return temperature.

W = M-c, )

A comparison of a generic operating point for a district heating substation, with and without absorption heat pump, is shown in
Fig. 2. On the x-axis, the heat capacity rate W as defined in Eq. (4) is shown. The fluid temperature § is shown on the y-axis. The
multiplication of the heat capacity rate W with the temperature difference of the fluid A8 results in the heat flow Q transferred from
or to the fluid. This correlation is used in Fig. 2 to illustrate the heat flows within the district heating substation. The useful heat of the
district heating substation is set to be constant at 50 kW for both cases and corresponds to the heating capacity of the absorption
system used in [6,7].

On the left of Fig. 2, the heat flow within a district heating substation without an absorption heat pump is illustrated. Due to the
use of a non-ideal heat exchanger, the district heating return temperature $pys mux out> €-8- 45 °C, is higher than the customer heating
return Scps,in, €-8 40 °C. Since there is no absorption heat pump integrated, the total heat flow Qypx is transferred at the main heat
exchanger.

On the right of Fig. 2, the combination with an absorption heat pump is illustrated. The heat ratio of the absorption heat pump is
set to the value § =1.5, which is less than the result of a first process simulation. The temperature of the district heating flow
9pHs,in = SpHs,gen,in iS used to power the generator. The generator outlet temperature of the district heating system Spys gen,out iS
reduced to the temperature of the strong solution 9, e.g. 90 °C. Afterwards, the water of the district heating system is used to heat up
the customer heating system direct within a main heat exchanger. At this point, the temperature in the district heating system
8pns,MHX,out> €-.8- 45 °C, is the same as in the left of Fig. 2. A further reduction of the return temperature takes place in the evaporator.
As illustrated, the district heating return temperature Spys evap,out> €.8- 30 °C, can be lower than the customer heating return tem-
perature Scys in, €.8. 40 °C. Since the additional heat transferred from the district heating system to the evaporator is also part of the
useful heat, the mass flow and thus the heat capacity rate can be reduced by 20%. Otherwise, with the same mass flow rate of the
district heating system, the capacity of the district heating system can be increased by 10 kW. As mentioned before, the lower district
heating return temperature causes also lower distribution heat losses and a higher efficiency of the heat generation in a power plant.

2.2. Exergetic efficiency

The exergy change during a heat transfer process can be calculated by the use of Eq. (5).
B = Q2 — Tv(S2 — S1) = M-[(hy — hy) — Ty (52 — 81)] 5)

For this analysis, the ambient temperature is set to 20 °C (T, = 293.15K). The values for the enthalpy and entropy of water are
calculated at a pressure of p=>5 bar by the use of the Engineering Equation Solver (EES) [8,9]. The exergetic efficiency 7,, used in this
work is defined as the exergy change of the customer heating system (CHS) divided by the exergy change of the district heating
system (DHS):

_ Ecus
Epns (6)

ex

The results of these calculations are listed in Table 1 for the same operating point used in Fig. 2. Due to the use of an ammonia-
water absorption heat pump with a heat ratio of § =1.5, the exergetic efficiency increases by 12.7%. The required exergy for the
heating of the building is still constant. The higher exergetic efficiency of the system is the result of the reduced district heating return
temperature and thus a lower mass flow in order to keep the useful heat constant.

2.3. Operating points

An ammonia-water absorption heat pump can be used to reduce the return temperature of a district heating system
Spus,out = Fpms,evap,out- HOWeVer, not every operating point is suitable for the use of an ammonia-water absorption heat pump. For this
purpose, contour plots of possible operating points of the ammonia-water absorption heat pump and the theoretical achievable return

Table 1
Exergetic evaluation of the district heating substation with and without an absorption heat pump. The heat ratio of the absorption heat
pump is assumed to be § =1.5.

Without absorption heat pump With absorption heat pump

Ecus 5.302 kW Ecus 5.302 kW
EpHs,gen - Eibas,gen 3.763 kW
EDHs,MHX 8.645 kW EDHS MHX 3.447 kW
EpHs,evap - b evap 0.466 KW
. Epss 8.645 kW 3 Epus 7.676 kW
Nex 0.613 Nex 0.691
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temperature reduction A8pysevap are calculated and provided in Fig. 3. Each plot is valid for a specific inlet temperature at the
generator. The generator inlet temperature $pys gen,in is varied between 80 °C and 120 °C. The combination of the inlet temperature at
the absorber Scps abs,in and the outlet temperature at the condenser Scys cond,out are shown on the x-axis. On the y-axis, the inlet and
outlet temperature at the evaporator Spps evap,in/out iS Shown.

This investigation is performed with the EES program. The properties of the ammonia-water mixture are calculated with the
Helmbholtz free energy equation of state by Tillner-Roth and Friend [10,11]. To create these plots, it is assumed that thermodynamic
equilibrium is valid. The refrigerant is assumed to be pure ammonia. Therefore, the high pressure py,, of the heat pump can be
calculated as the saturation pressure of the outlet temperature at the condenser. Furthermore, the low pressure p,  is calculated as
the theoretical maximum pressure and thus the saturation pressure at the evaporator’s outlet temperature Spys evap,out- The ammonia
mass fraction of the strong solution & is calculated as saturated liquid with the use of the absorber’s inlet temperature
Scus,abs,in = Scus,in and the low pressure p, ... The ammonia mass fraction of the weak solution &y is calculated as saturated liquid at
high pressure py;,, and the inlet temperature of the generator Spps gen,in- If the resulting degassing range A§ = &5 — &y is negative,
the operation of the ammonia-water heat pump will not be possible. To simplify handling, a resulting degassing range of A§=0 is
converted into a maximum possible temperature difference of the heat transfer. This temperature difference is referred in the fol-
lowing as approach temperature difference AS,;, and is shown in Fig. 3 as colour gradient. It has been assumed, that the approach
temperature difference A9,,, is equal at the evaporator (8pusevapout — $14), the absorber (Scusabsin — 92) and the condenser
(8chs,cond,out — 911). However, the approach temperature difference at the generator AS,p,een = phs,genin — 97 is assumed to be
App gen = OK.

Fig. 3 can be used to find the lowest possible evaporator outlet temperature Spps,cvap,out fOr @ given generator inlet temperature
SpHs,gen,in, @ given approach temperature difference AS,,, and a given absorber inlet Scps apsin and condenser outlet temperature
Bcns cond,out- Case a) of Fig. 3 shows the operating point used before. The first point to be drawn into the diagram, results from the inlet
temperature at the evaporator Spps,evap,in = 45 °C and the flow and return temperatures of the customer heating system Scgs abs,in
= 40°C and Scps,cond,out = 70 °C, respectively. For a known approach temperature difference AS,,, between the heat exchanging
fluids, the achievable outlet temperature at the evaporator Spys evap,out €an be determined. Assuming idealized heat exchangers, the
approach temperature difference is AS,,, = OK. As a result, the minimum outlet temperature at the evaporator of the district heating
circuit in case a) is Spps evap,out = 5 °C, which is equal to the district heating return temperature Spps o, Hence, the achievable district
heating return temperature reduction is ASpysevap = 40 K. In case of an ammonia-water absorption heat pump with non-ideal heat
exchangers, e.g. AS,;, = 5K, the temperature reduction decreases to a remaining return temperature reduction of A8pgs evap = 27 K.
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Fig. 3. Contour plots of possible operating points for an ammonia-water absorption heat pump and achievable district heating return temperature
reduction.
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This leads to an outlet temperature at the evaporator and thus to a district heating return temperature of 8pys evap,our = 18 °C.

In the cases b) and c) of Fig. 3, the district heating flow temperature Sppus,in = 9pHs,gen,in is decreased. This leads to an increase of
the ammonia mass fraction of the weak solution & and thus to a decrease in the degassing range A¢. Hence, the field of possible
operating points as well as the achievable return temperature reduction A8pys cvap is decreased. As mentioned before, the approach
temperature difference at the generator A8, gen is assumed to be zero and thus the temperature at the generator inlet Spps gen,in iS
used to calculate the ammonia mass fraction of the weak solution &g. Furthermore, cases b) and c) can also be used for the same
operation point as case a) but with an approach temperature difference at the generator. Hence, Fig. 3b) is also valid for
9pHs genin = 120 K with an approach temperature difference at the generator A8y, een = 20K and Fig. 3c) for A8yppgen = 40K, re-
spectively. The cases d) to f) of Fig. 3 are showing the operation within a customer heating system with a temperature difference
between absorber inlet Scys abs,in and condenser outlet Scys cond,out Of AScus = 15 K. The comparison of the cases a) and d), b) and e) as
well as ¢) and f) show the effect of a decreased outlet temperature at the condenser Scys, cond,out, While the inlet temperature at the
absorber Scysabs,in i constant. In case d), for instance, the achievable temperature reduction is A8pysevap=54K for an approach
temperature difference of A%,,, =0K and thus the evaporator outlet temperature is Spgs,evap,our=-9°C. The decreased temperature at
the outlet of the condenser decreases the systems high pressure py;,,. This leads to a decrease of the ammonia mass fraction of the
weak solution &yq and thus to a higher degassing range A¢. Hence, the achievable return temperature reduction A8pyg evap increases
with a decreasing customer heating flow temperature Scps out = Scus,cond,out-

3. Conclusions

A new setup for the reduction of district heating return temperature is presented. The main advantage of such a system is that a
district heating return temperature even below the customer heating return temperature can be achieved. In this way, the capacity of
the district heating system can be increased or the mass flow rate and thereby the power consumption of the circulating pump can be
reduced. It was also revealed that the coupling of an ammonia-water absorption heat pump with a district heating system can operate
in a wide range of district and customer heating system conditions. However, the proposed district heating substation can achieve the
highest return temperature reduction in cases where a high temperature of the district heating flow is used to power a low tem-
perature customer heating system.
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