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Abstract

The need for retrofitting of residential buildings with energy efficient solutions requires for the development
of a wide range of solutions, suitable for different climates and buildings. In the present paper, a concept based
on a gas-driven sorption heat pump using geothermal source for evaporation is presented. A dynamic luped-
parameter model was implemented in Dymola and used to verify the flexibility of the system in terms of
response to variable load and comfort conditions. The outcomes of the activity will be used to propose an
improved design of the system.
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1. Introduction

The building heating and cooling sector is accounting for a relevant amount of primary energy consumption
in Europe. So far, according to EU, less than 20% of heating and cooling is provided by renewable sources.
Heat pumps represent an innovative solution to increase the share of renewables at the building scale, thus
participating to the decarbonisation of the heating and cooling sector [1]. In order to make them suitable for
different climates, keeping high performance in terms of COP/EER also in severe conditions, the exploitation
of geothermal energy as ambient heat source/sink is considered of great interest [2]. In particular, advantages
of geothermal heat pumps include high efficiencies (COPs of ground source heat pumps are in the range 3-5
while COPs of air source heat pumps are in the range 2.3-3.5) and low operating costs [2]. The application of
ground-source heat pumps was investigated and proven in a wide variety of climates, including European
Mediterranean and Continental [3,4], Turkey [S], Iran [6] and China [7], as well as in different building
typologies, i.e. residential and commercial [4,8]. However, the exploitability of this resource in the built
environment, for retrofitting applications, becomes quite challenging due to both, technical and regulatory
constraints that limit the drilling procedures for the ground source heat exchangers (GSHEX) installation.

With this mind, the EU funded GEOFIT [9] project aims at the deployment of innovative geothermal heat
pump solutions for retrofitting applications. Particularly, an innovative hybrid geothermal heat pump will be
developed, tested and installed in two demo sites. Different hybrid geothermal heat pumps have been proposed,
such as a solar-geothermal heat pump able to exploit alternatively the heat from vacuum collectors or the
ground [10] or a hybrid configuration with the cooling tower and the ground loops connected together [11,12].

Instead, in the present work, the hybrid solution proposed consists of a hybrid gas-driven hybrid
adsorption/electric heat pump Indeed, this combination of thermally and electrically driven HP, despite the
lower thermal COP compared to an electrical vapour compression chiller, can be efficiently operated with a
smaller size¢ GSHEX. This will make the heat pump more suitable for applications with reduced space
availability.
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In order to assess the feasibility of such a hybrid solution, a detailed dynamic model was developed in
Dymola environment. Adsorption heat pump and gas boiler were modelled by means of TIL Media Library,
TIL Suite and self-developed components to match the specific characteristics of the hybrid unit developed.
Particular focus was put on the control strategy for enhancing the comfort level achievable by the retrofit of
existing systems with the hybrid solution proposed. A first prototype will be developed by Fahrenheit GmbH
which will be tested at the CNR ITAE lab subsequently.

2. The GEOFIT sorption solution

The core of the hybrid sorption heat pump developed within GEOFIT is a gas-driven sorption heat pump,
whose main components are shown in Figure 1. It is based on the two-modules layout from Fahrenheit GmbH
commercial system. Each module consists of an adsorber/desorber and an evaporator/condenser. The desorber
is connected through the HTF circuit to the gas boiler that allows the regeneration of the sorption material. At
the same time, through the vacuum circuit, the refrigerant flows from the desorber to the condenser, that
supplies heat at the temperature level requested for space heating. The adsorber is connected in parallel to the
condenser through the HTF circuit. The vacuum circuit allows the flow of the refrigerant from the evaporator
to the adsorber. The ground heat exchanger allows the use of the soil as heat source for evaporation. The useful
effect delivered to the user is represented by the adsorption heat and condensation heat.

Figure 1: Main layout and thermal levels for GEOFIT hybrid gas-driven heat pump.

The main advantages in the utilization of such thermally-driven heat pumps as retrofitting solutions lies in
the possibility of using shallow GSHEXs with a superficial area significantly lower than that needed when the
heating system is represented by a vapour compression electrically-driven heat pump.

A schematic of a possible integration of the proposed gas-driven hybrid heat pump is depicted in Figure 2.
It is clear that the gas boiler is exploited both to drive the desorption process and to provide domestic hot water
(DHW) to the user. The typical distribution system used to increase the heat pump efficiency is a floor heating
system, while GHEX is used to provide heat of evaporation in winter and to dump heat of condensation in
summer.
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Figure 2: Schematic of the integration of the hybrid heat pump coupled to a gas boiler and the space heating system.
3. The modelling approach

The modelling approach used is schematically shown in Figure 3: Modelica language and Dymola
commercial software were chosen as simulation environment. The main reasons for such a choice are the
possibility of creating acausal and easily reusable models that, thanks to the FMU functionality of Dymola,
can be easily exchanged and integrated in other simulation environments[13,14]. In order to model the
refrigerant, the Heat Transfer Fluid (HTF) and the main components of the system, the commercial libraries
included in TIL Suite were employed. Correspondently, the same structure as for components already included
in the libraries, based on a cell level and a component level was employed also for the self-developed models.
In particular, standard models based on liquid cells were employed to model the heat exchanger and heat
transfer correlations, whereas self-developed model were used for the sorption equilibrium and the
vapour/liquid control volume of the evaporator/condenser. The gas boiler was modelled considering a constant
thermal power and an efficiency variable with part load and return temperature. All the components are
properly managed thanks to specifically developed controls. The main equations of the model are presented in
Table 1, while for a more detailed description of the Dymola model for the sorption unit, the reader is referred
to [15].
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Figure 3: Modelling approach.

4. System control and management

In order to give indications on the best management strategy for the hybrid heat pumps and its integration
in retrofitted systems, different controls were implemented and evaluated. In particular, three possible options
for controlling the system were considered:

a. Variable flow rate of the pumps according to part load;

b. Step variation of the cycle time of the adsorption unit using the load requested by the user as target
variable;

c. Step variation of the cycle time of the adsorption unit using the temperature in the user circuit as target
variable.

The models for such components were developed in Dymola using existing components from Modelica
Standard Library.

Since the main goal for the system under the GEOFIT activity here presented is the retrofitting of existing
heating systems in different climates, two key elements play a particularly significant role:

1. the design of components, that must be as compact as possible;
2. the possibility of ensuring the same level of comfort and a flexible operation, in terms of adaptivity
to the load of the building.

The first goal can be achieved thanks to the use of zeolite/water working pair, applying the patented
crystallization technique developed by Fahrenheit [16], that has a significant higher power density when
compared to standard silica gel/water systems on the market [17].
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Instead, the second goal was the focus of the numerical activity here presented. Two key aspects were
evaluated: the possibility of delivering a constant temperature to the user under different climatic conditions
and the proper management of the sorption unit to be adaptable to user load.

Table 1: List of main equations used for the model implementation.

Comp t Equation
Mass balance . . .
sorbent cell Mres = Map + Mama M
Energy balance ATy - . dw
sorbent cell (mm Cpomy T W " Mgy C”"f)—dt = Qpow + Myer hags — Mem Cpyy Tom n )
Mass balance . .
adsorber HEX 0= iy + Mg &
Adsorber Energy balance dehﬁ s 4
adsorber HEX Myt o g~ = Tput g Trui do = Tt ) T Qrow )
Heat transfer
sorbent/HEX bew = (S)aas Tom — Tfuii ) (%)
Sorption W = Wyexp (—bA; 6)
equilibrium A = —RTg,, log Zads Q)
Psat
Mass balance i m, + 1y ®8)
U . .
L. Energy balance —=H,+H 9
Vapor Liquid &y dt o Hit Qpow ©
Equilibrium Mass balance HEX 0 = 7y, + Ty, (10)
(VLE) volume  Energy balance ATy . o
evaporator/ HEX Myt Sopa g~ = put e Tt o = Tt ) T Qrow an
condenser Heat transfer
refrigerant/HEX Qrow = (&) evap joma (Tvie — Tex) (12)
Additional
: vie = Psat Uvie
equations puis = P (Tyir) (13)
Mass balance Mgy = Ty + Mgye (14
Linear Driving . _ aw
Mass transfer _ Force Mref = Moy 7 = M B(Weq —w) (15)
Mass transfer _ 15D 316)
coefficient 2,
Thermal power A _ 5 )
Gas boiler output Qrow = Qnomaar M (17)
Efficiency n=axT,, +bxT, *+c*T, *+d=T, *—exPL+fx(T,, *PL)—gx(T,, 2*PL)+h (I8)
5. Results

To evaluate the adaptability of the heat pump to a variable user load, a signal with changing load (between
4 kW and 8 kW) was used, aiming at simulating a variable user demand. The first approach, based on varying
the heat transfer fluid flow rate, resulted not robust enough to let the adsorption machine being properly
operated. Accordingly, the control strategy based on the variation of adsorption cycle time as a function of
user load was implemented. To this aim, a multi-switch control was used, able to switch between different
cycle periods as a function of the expected requested power. Clearly, the higher is the power demand the lower
is the cycle time, in order to enhance the average heating capacity provided by the adsorption module, whose
behaviour is intrinsically discontinuous due to the physics of the adsorption process[18]. This control is not
based on a linear variation of the cycle time, but rather a step variation is investigated. To demonstrate the
effect of the variable cycle time on the average power, in Figure 4 the output power provided by the adsorption
heat pump is showed. The adsorption/desorption cycle time variation is clearly visible. The average heating
power provided increases from about 3 kW at 800 s cycle time up to 5 kW for 200 s cycle time.
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Figure 4: Adsorption machine output power (adsorption/desorption cycle control as a function of the load)

Analysing the temperature of water provided to the user Figure 5) it could be noted that the control works
properly when the load is 3 kW and the cycle time is 800 s. Differently, it tends to deviate from the target when
the power increases, most probably because the cycle time is reduced too much. This means that, to achieve a
proper management, a continuous variation of cycle time according to the measured values of the temperature
at each sampling time is needed.
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Figure 5: Temperature delivered to the user (adsorption/desorption cycle control as a function of the load)

From such results, it is clear that, to get comfort conditions, it is necessary to use a control that allows a
finer tuning in terms of temperatures delivered to the user. Therefore, a second control was developed, that
manages in real time the adsorption/desorption cycle time as a function of the temperature delivered to the
user. The control compares the signal coming from the Tuser sensor with the set point (e.g. 35°C); if the
measured temperature is lower than the set point, this means that the heating load is higher than the one
produced by the adsorption machine, therefore the adsorption/desorption cycle time is reduced. If the measured
temperature is higher, than the cycle time is increased, because the requested heating power is decreasing.
Compared to the previous case, the cycle time is not imposed a priori, i.e. there is not a predetermined cycle
time as a function of the temperature, but rather a user-defined At is used for following the user heating demand:

- When the feedback signal Tuser,measured-Tuserset is <0, the cycle time is reduced of an amount At;
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- When the feedback signal Tuser,measured-Tuserset 1S >0, the cycle time is increased of an amount At;

Threshold values for minimum and maximum cycle time are imposed as well, to avoid inefficient operation
of the unit. Figure 6 reports the power delivered by the adsorption machine for a 30 min operation at variable
load with the implemented control. The feedback loop operates changing the cycle time with a At of 50 s. The
feedback signal is reported in Figure 6 as well. It is possible to notice that the average power output from the
sorption heat pump during an overall can be adjusted with this strategy. Furthermore, as confirmed by Figure
7, the proposed approach is able to keep the temperature level delivered to the user close to the target, thus
properly operating the adsorption machine. It will be then proposed for the implementation in the prototype to
be tested in the lab and then in the demo sites for the GEOFIT project.
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Figure 6: Adsorption machine output power (adsorption/desorption cycle control as a function of the temperature)- The red line
indicates the feedback signal based on Tisermeasured-Tuser,set
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Figure 7: Temperature of the water delivered to the user using the feedback control
6. Conclusions and future activities

The present paper presents the modelling activity of a novel hybrid sorption concept for retrofitting of
heating systems in existing buildings, using a gas-driven sorption heat pump and a ground-source HEX as heat
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source for evaporation. A dynamic model in Dymola was implemented, including a black-box model of the
gas boiler, as well as a detailed adsorption module which comprises heat and mass transfer mode as well as
equilibrium data for the given zeolite/water working pair. Particular focus was put on control and management
strategies for the system, evaluating the flexibility of the heat pump with variable load and temperature
conditions. The best control strategy identified is based on the continuous variation of cycle time according to
a feedback control on delivered temperature to the user. As shown in Figure 8, the next steps will include
model validation thanks to results from laboratory activity, as well as the definition of an improved design and
its adaptation to the pilot sites for the project.

Model implementation

Model verification under stationary
conditions

Evaluation of different control
strategies

Current status

Results from lab tests Model validation

. Suggestions for
Improved design ——— integrationin the
demo sites

Figure 8: Model development and future steps.
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