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a b s t r a c t

This study presents the evaluation of an air conditioning systemwith enthalpy recovery for space heating
and air humidification. Desiccant assisted air conditioning is potentially beneficial against other air
conditioning processes in terms of air humidification, counteracting dry indoor air conditions during
winter. Furthermore, the overall process can be operated efficiently relying on renewable energy sources.
The objective of this work is to investigate a geothermal and desiccant assisted system for different
system configurations experimentally and numerically during winter operation. The experimental
investigation focuses on differences in system performance for two desiccant materials, lithium chloride
and silica gel. Experimental results show that moisture recovery relying on a desiccant wheel with silica
gel is beneficial against lithium chloride. An average moisture recovery efficiency of 0.83 was achieved
for silica gel. Thermal comfort was maintained on a high level throughout the winter seasons investi-
gated. Based on component and system simulation models, system performance is shown for different
boundary conditions during winter requiring space heating and humidification to ensure comfortable
indoor air conditions. The simulation results show a reduction in primary energy demand for heat supply
by up to 54% by using a high efficient ground-coupled heat pump without backup system.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Energy-efficient air conditioning is becoming increasingly
important due to increasing demands on air conditioning applica-
tions worldwide [1]. The International Energy Agency (IEA) esti-
mated an increase of more than five billion air conditioning systems
between the years of 2016 and 2050 for the commercial and resi-
dential stock [2]. This is more than twice the currently installed
units. Income growth in the developing and emerging countries,
climate change and increased building energy standards as well as
more compact urbanization cause this development [3,4]. P�erez-
Lombard et al. [5] reported that heating, cooling, air conditioning
and ventilation (HVAC) is responsible for around 50% of buildings’
energy demand. Air conditioning systems are primarily used for
room air conditioning by providing cooled and dehumidified air.
Against the background of required reductions in electrical energy
demands for air conditioning applications, desiccant assisted air
conditioning is a promising alternative to conventional air
hnology, Hamburg, Germany.
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conditioning processes relying on vapor compression chillers. For
this reason, numerous studies have been carried out to investigate
and improve both the hygroscopic materials and various system
configurations [6e8]. Although winter operation is an essential
part of full-year operation, especially in regions dominated by
heating loads, heating mode and full-year operation have so far
only been considered in a few studies. Within a desiccant assisted
system, moisture recovery based on the already existing hygro-
scopic material is possible. This enables the humidity of supply air
to be increased without additional required components as part of
the air handling unit.

In De Antonellis et al. [9] humidification of supply air was
investigated experimentally on the basis of a desiccant wheel with
silica gel for Mediterranean winter conditions. For their optimal
configuration a moisture uptake of 3:2 gw=kgair at an outside air
temperature of 10 �C was obtained. A comparison with conven-
tional air humidifiers showed benefits of using a desiccant wheel
for air humidification against an electrical steam humidifier in
terms of primary energy demand. La et al. [10] analyzed a solar
driven systemwith one-rotor two-stage desiccant wheel for winter
operation in Shanghai, both experimentally and numerically. The
system proposed uses extract air from the air conditioned space to
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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humidify supply air preheated with solar energy. The study
revealed a significant increase of thermal comfort due to air hu-
midification. The solar coverage of the heat supply was obtained in
the range of 30%e60%. Kawamoto et al. [11] presented the inves-
tigation of a desiccant assisted system in combination with a heat
pump to provide thermal energy on the regeneration airside for a
few winter days in eastern Japan. Using an active dehumidification
process, a minimum humidity ratio of the supply air of 5:8 gw=kgair
was achieved at a regeneration air temperature of 50 �C. Kashif
et al. [12] experimentally analyzed a solar and desiccant assisted air
conditioning systemwith silica gel during winter in Pakistan. They
found an average moisture recovery efficiency of 0.74. An electrical
heater was used as the backup system which caused a significant
impact on the system’s performance. Thermal comfort was ach-
ieved throughout the considered winter period with a humidifi-
cation effectiveness in the range of 0.66e0.82. Preisler and Brychta
[13] experimentally investigated full-year operation for a desiccant
evaporative system in Austria. Heating was provided by a solar
thermal system in combination with a gas boiler. During full-year
operation, primary energy demand was reduced by 60%
compared with an equivalent air conditioning system relying on a
vapor compression chiller. Further explanations on the investiga-
tion of desiccant assisted air conditioning in winter and full-year
operation can be found in Niemann and Schmitz [14] just as Nie-
mann et al. [15].

Increasing the humidity level of supply air is not a negligible
aspect in terms of human comfort and health. Dry indoor air con-
ditions in air-conditioned buildings without additional humidifiers
in winter can affect comfort and health of people [16,17]. Noti et al.
[18] examined the probability of survival of influenza virus at
different humidity ratios of indoor air and found a significant
decrease in infectivity at humidity ratios above 40 % RH. In addi-
tion, the importance of operating air conditioning systems that are
harmless to health is increasing. In this context, the operation of a
desiccant assisted system can be advantageous [19]. The antibac-
terial and germicidal effect of lithium chloride as the desiccant
material used favors a high degree of hygiene in the supply air
without additional air treatment processes. Li and Li [20] investi-
gated air cleaning effects of a desiccant wheel with silica gel. The
authors found promising air cleaning effects for this desiccant but
further details are not provided.

With the present publication the authors want to contribute to
the investigation of air conditioning systems with moisture re-
covery and the use of environmental energy against the back-
ground of cold and dry outside air conditions. The system onwhich
this study is based has proven to be a promising alternative to
conventional air conditioning systems for temperate climates [15].
Furthermore, Speerforck [21] showed the applicability of the sys-
tem for different locations during summer using a dynamic system
simulation model. In the present study, the proposed system is
investigated for winter operation. Different air humidification
processes are compared in order to show the strengths and
weaknesses of desiccant materials used for moisture recovery. In
addition to the previous investigations in Ref. [14], heating and air
humidification are investigated for different boundary conditions,
both experimentally and numerically.
2. Test facility

The investigated test facility, operated on the campus of
Hamburg University of Technology since 2012, is already described
in Refs. [14,15] for winter and full-year operation. Thus, the
following system description is limited to essential characteristics
and required information regarding the present study.
2.1. System layout

Getting into the details of the investigated system, Fig. 1 shows
the schematic layout that can be divided into the following sub-
systems: reference room, air handling unit and hydraulic circuits.
Designed as a hybrid system, the test facility combines an open
desiccant assisted enthalpy recovery process with a closed-loop
heating circuit during winter. The air handling unit (AHU) is
designed as a two-wheel system relying on a heat recovery wheel
(HRW) and a desiccant wheel, operated in enthalpy recovery mode
(EW). The reference room is equipped with different thermally
activated building systems for sensible heat transfer. Underfloor
heating (UH) as well as ceiling heating (CH) are investigated in this
study.

A brief description of the air state changes during winter oper-
ation is provided below. The relevant information are also sum-
marized in Table 1.

In enthalpy recovery mode (dark gray path), outside air (oda) is
passed through a desiccant wheel, operated as enthalpy exchanger
(1/2). During this state change there is a combined heat andmass
transfer to the process air side. If necessary, the air temperature is
increased to the set point of supply air (sup) in a water-to-air heat
exchanger (3 / 4), before it is fed to the reference room. If the
outside air is already with in the required comfort range with re-
gard to the humidity ratio, the process air is preheated by means of
the heat recovery system (2 / 3), before it is adjusted to the
desired value of wsup passing the reheater. In this case the EW is
bypassed (light gray path). The extract air (exa) from the room is
used either for sensible heat transfer at the HRW (5/ 6) or for the
coupled heat and mass transfer at the EW (7 / 8), before it is
released to the environment. A heater (6 / 7) can be used to in-
crease wexa in order to avoid condensation in the EW at very low
values of woda. A stationary operation state during EW mode is
shown in the psychrometric chart in Fig. 2. The state changes are
marked according to Fig. 1. Since there are almost no state changes
across the fans, the corresponding air conditions downstream the
fans are not plotted. In order to keep the plot clear, the measure-
ment uncertainties of the stationary states are not included.

Energy is provided in the form of heat during the heating sea-
son, primarily by a ground-coupled heat pump (GCHP). A gas driven
micro cogeneration unit, combined heating and power generation
(CHP), is used as the backup system and to cover peak loads
throughout the year. Furthermore, a solar thermal unit (STU) is
integrated as the primary heat source for summer operationwithin
the hot water circuit of the system and is also used as a subordinate
heat source in winter operation. All heat supplying systems are
connected to a stratified thermal storage system with a capacity
of1 m3 Technical details of heat supplying systems are summarized
in Table 2.

The geothermal system is based on two identical geothermal
probes with a final drilling depth of 80 m, as shown in Fig. 3. These
are designed as double U-tube borehole heat exchangers (BHE). A
single BHE (BHE 2) is used to operate the system, whereas the
second geothermal probe (BHE 1) is used as the reference BHE to
investigate the thermal effects on the surrounding soil. In both
systems, a thermistor string is installed for discretized temperature
measurement within the grouting material at different depths. The
soil at the drilling location is mainly characterized by micaceous
clay below 30 m, while sand is predominant in the layers of soil
above. There is no significant flow of groundwater, so that the soil
can be characterized as a seasonal thermal energy storage.

The reference room is set up of four 20 ft containers. These are
built as an office and meeting room with an effective area of
A ¼ 54 m2 and designed as a single building area. Parts of the room
layout are shown in Fig. 4. The heat transition coefficient of the



Fig. 1. Simplified system layout of the test facility used during winter operation.

Table 1
Air state changes within the AHU depending on operation modes.

State change EW mode HRW mode

1 / 2 Enthalpy transfer Bypass
2 / 3 - (HRW not used) Sensible heat transfer
3 / 4 Sensible heat transfer Sensible heat transfer
5 / 6 - (HRW not used) Sensible heat transfer
6 / 7 - (heater not used) Bypass
7 / 8 Enthalpy transfer Bypass

Fig. 2. State changes of air in the air conditioning process during steady state in EW
mode.

Table 2
Technical details of heat supplying systems.

System Specification

GCHP reciprocating compressor
_QGCHP;max ¼ 5:1 kWth at BW5/W30

CHP Gas engine
_QCHP;max ¼ 12:5 kWth, PCHP;max ¼ 5 kWel

STU Flat plate collectors
_QSTU;max ¼ 7:5 kWth, ASTU ¼ 20 m2
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walls is k ¼ 0:33W=ðm2KÞ.
2.2. Operation strategy

For the investigated heating seasons in 2017 and 2018, the
overall process was operated with different system configurations
regarding moisture recovery and heat supply. Even though a biva-
lent and partially parallel operation of the ground-coupled heat
pump and the cogeneration unit was undertaken in combination
with the solar thermal unit during both periods, the operation of
heat supply and the interaction of GCHP and CHP differed. This
holds also true for the desiccant material and the space heating
devices. For 2018, the GCHP was partially operated during night to
improve thermal comfort in the morning. To analyze the influence
of the air exchange rate on thermal energy demand and moisture
recovery, the volumetric flow rates were reduced by 26% for plant
operation in 2018 compared with the previous heating period. In-
vestigations on silica gel showed increased moisture recovery
performance in the range of 8� 12 % for the lower volumetric flow



Fig. 3. Geology and structure of the geothermal system.

Table 3
Specific characteristics of plant operation for the winter seasons investigated.

Parameter 2017 2018

Period January till March January till March
Heat supply GCHP, CHP, (STU) GCHP, CHP, (STU)
Desiccant Lithium chloride (LiCl) Silica gel (SiO2)
Space heating UH (dry construction) CH (convection bars)
Night time operation UH CH, GCHP
Volumetric flow rate _Vsup ¼ ð950±95Þm3=h _Vsup ¼ ð700±70Þm3=h

Table 4
Ratio of operation times.

Wheel 2017 2018

EW 70% 89%
HRW 30% 11%
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rate. Lithium chloride was not tested for lower volumetric flow
rates. The main characteristics of plant operation during both
winter seasons are summarized in Table 3.

Table 4 lists the ratio of EW and HRW operation times for both
periods. With the given outside air conditions, moisture recovery
was required for additional 19% in 2018 compared with the previ-
ous season.
2.3. Metrological equipment

The measurement data acquisition of the overall system com-
prises around 350measuring points. A brief description relevant for
this study is provided below. Air temperature and relative humidity
are measured before and after each component of the AHU, and the
pressure loss across each component is also recorded. The volu-
metric flow rates _Vsup and _Vexa are measured indirectly at the fans
based on the effective pressure method. In each circuit of the hot
and cold water system, the volumetric flow rate of the heat transfer
medium and the temperature at the inlet and outlet of the corre-
sponding component are measured. The temperature in the
Fig. 4. Design (a) and installation (b) of the comfort
grouting material of each borehole heat exchanger is determined
by means of a thermistor string. All measurement signals are
recorded with an interval of 1 min. Most sensors were calibrated on
site and an annual recalibration is carried out for the humidity
sensors due to principle-related drift phenomena. Relevant char-
acteristics in terms of measurement devices and related measure-
ment uncertainties are summarized in Table 5. A comfort
measurement setup was used to evaluate thermal comfort in detail
according to DIN EN ISO 7726 [22] and DIN EN ISO 7730 [23]. The
test rig was installed within the reference room as shown in Fig. 4.
According to Ref. [22], air and globe temperature were measured in
four different heights above the floor (0.1, 0.6, 1.1 and 1.7 m). Globe
temperature was measured using thin-walled hollow spheres in
matt black color (d ¼ 145 mm). Sensors measuring air temperature
were radiation protected. Relative humidity and air velocity were
measured at one location each. Additionally, floor surface temper-
aturewasmeasured at four different positions as shown in Fig. 4(b).
Measurement devices and related measurement uncertainties for
the comfort measurement setup are also listed in Table 5. A stand-
alone controller is used is used to record measurement signals once
per minute.

Generally, cooling and dehumidification of process air were not
provided during winter operation. Data acquisition design and
system control strategy as well as error analysis of experimental
results is equal to the explanations in Ref. [15].
measurement setup within the reference room.



Table 5
Measurement devices used and related measurement uncertainties.

Measured value Sensor type/measuring principle Measurement uncertainty

Test facility
Air and water temperature w Pt100 (accuracy class W 0.1) ± 1=3·ð0:3 þ 0:005·wÞ K
Soil temperature w Thermistor string ± 0:5 K
Relative humidity f Capacitive humidity sensor ± 2 % RH for 10� 90 % RH
Volumetric flow rate (air) _V Differential pressure ± 10 % of reading

Volumetric flow rate (water) _V Electromagnetic flow meter ± 0:5 % of reading ±1 mm s�1

Pressure difference △p Ceramic fulcrum lever technology ± 2 % of full scale (range:
0� 300 Pa and 0� 1000 Pa)

Electric power P AC energy meter ± 2 % of reading
Comfort measurement setup
Air and globe temperature w Pt100 (accuracy class F 0.1) ± 1=3·ð0:3 þ 0:005·wÞ K
Floor surface temperature w Pt100 (accuracy class F 0.15) ± ð0:15 þ 0:002·wÞ K
Relative humidity f Capacitive humidity sensor ± 2 % RH for 10� 90 % RH
Air velocity va Hot-wire anemometer, omnidirect ± 1:5 % of reading
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3. Experimental investigation

Experimental results presented in this study are based on
measured data of the periods considered. Full system operationwas
provided from 7 a.m. to 10 p.m. every day of the week, whereas
only some subsystems were operated up to 24 h a day for heat
supply and distribution. Daily occupancy was essentially limited to
the period from 8 a.m. to 9 p.m. Moisture loads inside the reference
room were similar for both seasons. The release of water vapor by
people was almost constant at 0:61kgw=h during working weeks
and 0:38kgw=h at the weekends. This corresponds to a constant
occupancy of approx. 12 (working weeks) or 6 (weekends) persons,
simulated by humidifiers within the reference room in addition to
the people present. Weather conditions in the form of woda and xoda
are provided in Fig. 5 for the periods investigated. Even though the

number of heating days (term: wd;oda <15 �C), according to the

GermanWeather Service, was similar for both periods, the number
of frost days (term: wd;oda;min <0 �C) was twice as high for 2018
compared with 2017 (2017: 20, 2018: 40).

The following system evaluation and performance analysis is
divided into three parts. First, air treatment and enthalpy recovery
are evaluated. The second part follows up with the consideration of
heat provision and distribution. Finally, thermal comfort within the
reference room and limitations of thermal comfort are evaluated.

3.1. Air treatment and enthalpy recovery

During both periods, the rotational speeds of EWand HRWwere
Fig. 5. Outside air temperature (a) and humidity r
kept constant. The optimal rotational speed of both EW and the
HRW were specified in previous investigations that are
uEW;LiCl ¼ uHRW ¼ 248 rph and uEW;SiO2

¼ 237 rph. Passive
enthalpy transfer was realized during winter in contrast to active
air dehumidification in summer mode using a regeneration air
heater, see Fig. 1. Thus, the moisture recovery efficiency J can be
defined equivalent to the key figure of heat recovery efficiency, see
Equations (1) and (2). The numbers are according to Fig. 1.

J¼ Dxpro
Dxmax

¼ xpro � xoda
xeta � xoda

¼ x2 � x1
x7 � x1

(1)

The heat recovery efficiency is defined as shown in Equation (2).

F¼ Dwpro

Dwmax
¼ wpro � woda

weta � woda
(2)

Figures shown in the following rely on steady-state conditions.
Measured data were taken into account for steady-state operation
if fluctuations in humidity ratio and temperature were
Dxsup <±0:5gw=kgair and Dweta <±0:5 �C within 15 min. Fig. 6
shows the key value of moisture recovery efficiency according to
Equation (1) and the increase of xsup in dependence of the given
moisture potential Dxmax.

Comparing both materials shows some similarities as well as
performance differences. Generally, a slight increase in moisture
recovery efficiency with increasing moisture potential is visible for
both materials. The slopes of the resulting linear trends are
DJ<0:05=ðgw =kgairÞ in both cases. This dependence was much
atio (b) throughout the periods investigated.



Fig. 6. Performance of moisture recovery by means of moisture recovery efficiency (a) and total moisture recovery (b) for the desiccant materials investigated.
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less fluctuating for SiO2 comparedwith LiCl. The range ofDxmax was
increased by around 1:5gw=kgair for SiO2, matching the average
moisture potential for LiCl properly. Values ofJwere generally 10%
higher for SiO2 at comparable values of Dxmax. The resulting
averagemoisture recovery efficiencies areJLiCl ¼ 0:75 andJSiO2

¼
0:83. Due to the low dependence of J on Dxmax, total moisture
increase Dxpro results as a linear function of Dxmax for both mate-
rials as shown in Fig. 4(b). Due to higher values of JSiO2

, the linear
trend is steeper for SiO2. Thus, the resulting increase of xsup was
1:1gw=kgair using LiCl and 1:7gw=kgair using SiO2, respectively.
Regarding sensible heat transfer at the EW, average heat recovery
efficiencies of FLiCl ¼ 0:7 and FSiO2

¼ 0:89 were obtained. Sum-
marizing, the investigations show high efficiency of heat and mass
transfer at the EW. Numerical investigations of different desiccant
materials, LiCl and SiO2 among others, approved best heat and
moisture recovery for SiO2 for most of the operating points
examined. These simulations were based on physical and validated
models using the Modelica modeling language. The results of nu-
merical investigations of the system are presented in Section 4.
Reasons for better enthalpy transfer performance can be found in
the specific material properties. Even though the sorption capacity
of LiCl is twice as high as that of SiO2, as a chemical sorbent it
performs poorly in heat and mass transfer due to large volume
expansion and agglomeration. The ratio of sensible and latent heat
transfer is 4:1 for both EW. Thus, enthalpy transfer is mostly
characterized by sensible heat transfer. For the HRW, an average
heat recovery efficiency of FHRW ¼ 0:83 was assessed during both
periods.

In order to further evaluate the performance of the air handling
process relying on LiCl or SiO2, specific periods with similar values
of woda and xoda are considered. Figs. 7 and 8 show the outside and
indoor air conditions as well as the reheating demand for selected
periods that were characterized by low values of woda and xoda with
respect to K€oppen-Geiger climate classification Cfb [24]. Gray
shading marks periods during system operation.

The trajectories of xoda and xsup confirm a higher moisture re-
covery performance of SiO2 compared with LiCl. As a result, the
desired limit xlim was not achieved with LiCl, whereas this
requirement was met using SiO2, at least during workdays. Due to
lower internal moisture loads of the room at the weekends, it was
not possible to sufficiently humidify process air even with SiO2.
With respect to heat recovery, the significantly increased efficiency
when operating with SiO2 is evident from the required thermal
output of the reheater; an average reduction to a quarter was
determined. Another difference can be observed for the course of
wroom. The reason for the more uniform temperature level in 2018 is
the quick responding characteristic of the CH due to the small
masses that have to be heated in contrast with the multi-layer floor
construction.
3.2. Heat provision and distribution

The GCHP system was operated in modulating mode at pri-
marily two power levels at 60% and 100%. These power levels were
controlled according to the required heat flux for space heating and
the reheater. The objective of this control strategy was to run the
GCHP at the maximum coefficient of performance for most oper-
ating points. The GCHP showed poor operation conditions at
required high supply temperatures of UH or CH and in parallel
operation with the CHP. The significantly higher temperature level
of supply temperature to the thermal storage system comes along
with increased condenser inlet temperature and required GCHP
temperature lift. The total range of GCHP performance was limited
to COPGCHP ¼ 2:8� 3:9. The corresponding definition of COPGCHP is
provided in Equation (3).

COPGCHP ¼
_Qh

PGCHP þ PAUX
(3)

Fig. 9 shows the average daily thermal energy supply (a) and
demand (b).

The average daily thermal energy supply was distributed simi-
larly for both seasons with a total deviation of 4.6%. However, the
additional share of night time GCHP operation has to be taken into
account for 2018. Even though the average daily thermal energy
demand was quite identical, thermal energy distribution shows
significant differences for the seasons considered. This holds
especially true for the amount of thermal energy that was required
for reheating and daytime space heating. First, thermal energy
demand for reheating was reduced by 76.1% for 2018 as an effect of
improved heat recovery within the AHU. An opposite trend is
visible for the space heating demand. Due to the lower heat ca-
pacity of the ceiling heat exchanger, increased effects of ventilation
heat losses and lower woda, daytime space heating demand was
increased by 37.8% in 2018. Summarizing, decreased thermal



Fig. 7. Outside and indoor air conditions (top and center) as well as reheating demand (bottom) for a period at low values of woda and xoda using LiCl (February 8th to 15th, 2017).

Fig. 8. Outside and indoor air conditions (top and center) and reheating demand (bottom) for a period at low values of woda and xoda using SiO2 (February 21st to 28th, 2018).

Fig. 9. Average daily thermal energy supply (a) and demand (b), separated by supplying and distributing systems for the investigated heating seasons.
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energy demand for reheating was substituted by additional
required thermal energy demand for space heating in 2018.

To further analyze the composition of heat supply, the GCHP
cover ratio aGCHP was used as presented in Equation (4).

aGCHP¼

ð
_QGCHP dt

ð
ð _QGCHP þ _QCHP þ _QSTUÞdt

(4)

with respect to the control strategies implemented, a GCHP cover
ratio of aGCHP;2017 ¼ 0:57was achieved in 2017 and it was increased
to aGCHP;2018 ¼ 0:64 in 2018. The remaining cover ratio was pri-
marily assigned to the CHP, whereas the STU cover ratio was less
than 5% for both periods. The additional required electrical energy
demand to run the GCHP at night has to be taken into account as
direct effect on improved thermal comfort within the reference
room of the test facility.
3.3. Thermal comfort

The resulting level of thermal comfort was comparable for both
periods as shown in Fig. 10. Indoor air conditions were evaluated
based on the comfort criteria given by the German standard DIN EN
15251 [25], divided into different comfort categories (cat.). Indoor
air conditions according to cat. I (<6 % of dissatisfied occupants)
and cat. II (<10 % of dissatisfied occupants) were maintained for
21 %=93 % (2017) and 22 %=88 % (2018) of operation time during the
analyzed periods. Furthermore, an indoor clothing insulation of
Icl ¼ 0:8 clo (including insulation of the office chair) was assumed
with respect to winter outside conditions. Equalizing the operation
strategy for UH and CH caused decreased thermal comfort using CH
for space heating due to its operating principle against the natural
heat convection in general. This aspect is further discussed below.
The remaining violations of cat. I/II were almost exclusively due to
the low indoor air humidity ratio in 2018. This was justified with
insufficient xsup and insufficient internal moisture loads of the
Fig. 10. Thermal comfort within the reference room during occupancy time in terms of ov
investigated periods.
room. In contrast, low indoor air temperatures were the main
reason for uncomfortable indoor air conditions in 2017. Such con-
ditions occurred primarily in the first hours after starting the sys-
tem, violating the requirements of cat. I/II for 24e33% from 8 a.m. to
10 a.m. during both periods as shown in the right plots of Fig. 10(a)
and (b). Summarizing, the results represent a high level of thermal
comfort within the reference room due to surface heating and
enthalpy recovery.

In order to further analyze restrictions on thermal comfort, the
space heating systems are examined with regard to wida, as this has
a significant influence on thermal comfort. The operation strategy
of underfloor and ceiling heating was relying on a standard heating
curve using the current value of woda. With regard to Fig. 11, a trend
of increasing fluctuation of wroom with increasing inlet temperature
of the space heating system is noticeable. These fluctuations are
more evident when using underfloor heating, as the GCHP system
was not used for overnight heating. Another effect can be attributed
to the positioning of the sensor for wroom used to control the space
heating systems, which was installed at a height of 2 m above the
floor and is therefore close to the ceiling. Operation states with
lower wroom than the set point temperature (wroom;set ¼ 22 �C) at
win;UH >35 �C just occurred during the first hours after system start-
up, limiting thermal comfort in the morning as mentioned above.

(a) Space heatingwith underfloor heating, winter 2017 (b) Space
heating with ceiling heating, winter 2018.

With the help of the comfort measurement setup the impacts of
the space heating systems on local thermal comfort were further
examined, according to the method presented in Ref. [22]. Fig. 12
shows air temperatures at different heights above the floor (a) as
well as local thermal discomfort in terms of vertical temperature
differences and warm or cold floor (b).

As shown in Fig. 12(a), the differences in average temperature
distribution using underfloor or ceiling heating are clearly visible.
When using underfloor heating, the time and height averaged
temperature was about 1 K higher and at the same time the vertical
temperature stratification was much more homogeneous
compared with the ceiling heating. The temperature measured at a
height of 1.7 m represents the lowest value for UH and the highest
erall comfort distribution (left) and avaraged daily comfort distribution (right) for the



Fig. 11. Correlation between room temperature and surface heating inlet temperature for the investigated space heating systems.

Fig. 12. Room temperatures at different heights above the floor (a) and PD values in terms of vertical temperature difference and warm/cold floor (b) for the investigated space
heating systems.
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value achieved for CH. While the temperature difference Dw1�4;UH
was in the range of measurement uncertainty using UH, this tem-
perature difference was Dw1�4;CH ¼ 1:8 K using CH. These results
confirm the thermodynamic advantages of UH for space heating. In
order to quantify the effects of the presented differences on ther-
mal comfort, the local thermal discomfort with regard to vertical
temperature and floor surface temperature are plotted in the dia-
grams of Fig. 12(b) following the procedure in Ref. [23]. As already
shown in Fig. 10, the results averaged over the entire winter period
were also broken down into time of day. The bar plots show the
results for the percentage of dissatisfied (PD) in terms of the ver-
tical temperature difference and a warm/cold floor surface. Even if
UH achieved better results in terms of both comfort criteria, the
values are still below the limits for local discomfort according to cat.
I.
4. System simulation

The system simulation is based on the system model presented
in Ref. [21]. All componentmodels aswell as the systemmodel have
been developed using the object-oriented and equation-based
modeling language Modelica.
4.1. Component models

As enthalpy transfer within the AHU is a key function of the
considered system in winter mode, the modeling approaches for
the investigated desiccant materials are presented in the following.
For this study, a detailed model of the desiccant wheel as presented
in Refs. [26,27] was validated for winter operation mode. With
constant ambient conditions, a dynamic equilibrium between
sorption and desorption is established on the sorbent surface, in
that as many molecules are sorbed as are desorbed. This sorption
equilibrium can, for example, be represented with the help of iso-
therms as a function of the sorbent load on relative humidity. The
corresponding isotherm for LiCl with respect to winter mode was
developed by Gazinski and Szczechowiak [28]. The correlation is
given in Equation (5).

ln feq:LiCl ¼ �
�
qLiCl
f1ðwÞ

�f2ðwÞ
(5)

The coefficients are f1ðwÞ ¼ �2:0639,102,wþ 2:832291 and
f2ðwÞ ¼ � 3:3,103,w� 1:207195, and the equilibrium humidity
ratio is defined as qLiCl ¼ mw=mLiCl. The adsorption isotherm for
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SiO2, as developed by Pesaran and Mills [29], is provided in Equa-
tion (6).

feq;SiO2
¼0:0078� 0:076,qSiO2

þ 24:2,q2SiO2
� 124,q3SiO2

þ 204,q4SiO2
(6)

The equilibrium humidity ratio is defined as qSiO2
¼ mw=mSiO2

.
The physical based models (ph) were validated using measurement
data from the test facility. For system simulations, simplified
models are preferable due to shorter computing time. These effi-
ciency models (eff) are based on simple functional relationships
that describe the calculation of the output parameters from the
input parameters. The required parameters were estimated using
measurement data. A variant of this model approach is the effec-
tiveness method, according to which the models of the desiccant
wheel in dehumidification and enthalpy recovery mode were built.
Since both heat andmass transfer take place in the desiccant wheel,
two efficiencies or key figures have to be defined in order to be able
to clearly describe the state change of the process air. A pair of key
figures is recommended, which is described in more detail in the
studies of Ruivo et al. [30e32]. These are the efficiency hq and the
key figure hh.

hq ¼
qpro;out � qpro;in
qeta;in � qpro;in

; hh ¼ hpro;out � hpro;in
heta;in � hpro;in

(7)

The efficiency hq describes the efficiency of the (de)humidifi-
cation process. For ideal mass transfer, hq assumes a value of 1 in
steady state. In case of an ideal, isenthalpic, state change of process
air in dehumidification mode, the key figure hh assumes a value of
almost 0, while in winter operation a value of almost 1 is aimed for
hh for enthalpy recovery. Using the effectiveness parameters pro-
vided in Table 6, the process air outlet conditions of the enthalpy
wheels qpro;out and hpro;out can be calculated with sufficient
accuracy.

Validation plots for air temperature and humidity ratio with
regard to the outside and process air outlet conditions are shown in
Fig. 11 for the desiccant materials investigated. These validation
results are based on chosen periods with dynamic plant operation
in moisture recovery mode.

The simulated outlet temperature and humidity ratio of the
process air show a good agreement with the corresponding
measured values, especially for LiCl. With regard to Fig. 13(a), the
differences between the results of the physical model and the ef-
ficiency model are very small. For the period under consideration,
the mean deviation between the simulated outlet temperature of
the process air in the efficiency model and that in the physical
model is þ 0:05 K. The corresponding humidity ratio is simulated
on average by �0:12gw=kgair less than in the physical model. These
deviations are smaller than the uncertainties of the measured
values. The deviations between the physical model and the asso-
ciated measured values are of the same order of magnitude. Startup
effects have to be excluded from this presentation. A slightly
different situation exists when modeling the enthalpy recovery
with SiO2, see Fig. 11(b). The differences between the physical
modeling and the associated measured values appear more clearly
than the differences between the results of the efficiency modeling
Table 6
Effectiveness parameters for desiccant wheels in enthalpy recovery mode.

Desiccant material hq hh

LiCl 0:0193,ðqpro;in � qpro;outÞþ 0:8241 0:72
SiO2 0:86 0:83
and the reference values. This is largely due to the fact that not all of
the material properties required for physical modeling were
available for SiO2. Themean deviations between the physical model
and themeasured values for the temperature are�2:7 K and for the
humidity ratio � 0:4gw=kgair. This means that there is an extended
relative temperature deviation of 13.5% for the validation, which is
defined as permissible. A permissible limit of ±10 % was observed
for the humidity ratio. The main causes of the deviations are the
implemented equations for the sorption isotherm and the sorption
enthalpy, for which no information from the wheel manufacturer
was available. The material properties taken from Ref. [29] gener-
ally provide a good match of the results. The deviations between
the efficiency model and the measured values are on average at þ
0:2 K or þ0:1gw=kgair and are therefore in the range of measure-
ment uncertainty.

Fig. 14 shows a material comparison between LiCl and SiO2 for
different outside and indoor air conditions based on the physical
models. The different outside air conditions are listed in Table 7,
whereas room conditions were set to
wida1 ¼ 20 �C; xida1 ¼ 5gw=kgair and wida 2 ¼ 24 �C; xida2 ¼ 7gw=kgair.
The rotational speed was set equal for both materials at u ¼
240 rph.

The moisture recovery efficiency was highest using SiO2 for
most operating points and moisture uptake was higher at the same
time compared with LiCl. But heat recovery efficiency was similar
for both materials for the entire range of the boundary conditions
investigated. The average moisture recovery efficiencies for both
materials areJSiO2

¼ 0:75 andJLiCl ¼ 0:72. Considering boundary
conditions as a combination of xoda2 and room conditions of ida 1,
both materials show poor moisture recovery performance due to
the insufficient moisture potential. The temperature dependence of
efficiency was more evident for LiCl. To improve the moisture re-
covery efficiency of LiCl, higher rotational speed (u) is required.
Generally, JLiCl shows a stronger dependency on u. Further nu-
merical studies revealed that efficiencies close to that of SiO2 are
possible at higher rotational speeds (u>300 rph).
4.2. System simulation models

Without going into the details of further componentmodels and
the implemented operation strategy, some results of the system
simulation are briefly discussed below. TMY 3 weather data have
been used for the location of Hamburg, Germany, January till
March. Three configurations of the investigated system were
simulated. With regard to Fig. 15, system configuration EW-GEO I
complies with the experimentally investigated system for 2017 as
the reference process, relying on a modulating GCHP system as the
investigated system. The other configurations EW-GEO II and EW-
GEO III have different GCHP systems and do not use a CHP as
backup system. The model of EW-GEO II uses the same GCHP sys-
tem as EW-GEO I but in monovalent operation at maximum power
output without night shutdown and EW-GEO III is relying on a
more efficient and more powerful GCHP system

ðCOPGCHP;III;max ¼ 4:6 ; _QGCHP;III;max ¼ 6:4 kWth at BW0 =W35Þ in
monovalent operation. The objectives are to analyze the need for a
backup system, to increase the geothermal assisted heat supply and
to improve environmental compatibility of the system. The com-
parison in Fig. 15(a) shows that the backup system can be avoided
regarding the amount of final energy for heating purposes.
Whereas the GCHP cover ratio was obtained to be 39.8% for the
reference process (EW-GEO I), this was increased to 90% for the
comparative systems (EW-GEO II/III). The main difference between
the systems EW-GEO II and EW-GEO III is the relationship between
thermal energy output ðQGCHP;conÞ and electrical energy demand



Fig. 13. Comparison between measurement results and the corresponding simulation output results of the physically based wheel model and the efficiency model for the desiccant
materials examined.

Fig. 14. Numerical performance comparison of desiccant materials in terms of moisture recovery efficiency (a) and heat recovery efficiency (b) for different air conditions.

Table 7
Outside air conditions for desiccant comparison.

woda1;2 in �C xoda1 in gw=kgair xoda2 in gw=kgair

10 1 3
5 1 3
0 1 3
�5 1 e

�10 1 e
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ðWGCHPÞ of the GCHP process with improved performance for sys-
tem EW-GEO III. In addition, the original GCHP system runs in
inconvenient operation conditions due to the changed operating
strategy for system EW-GEO II compared with EW-GEO I. These
inconvenient operation conditions are a result of the performance
characteristic of the GCHP used and the fact that the GCHP system
is operated at maximum compressor power and low evaporator
inlet temperatures. The resulting seasonal performance factors for
all three GCHP systems were calculated using Equation (8).



Fig. 15. Final energy supply/demand (a) and primary energy demand (b) of heat supply for different simulated system configuration.
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SPFGCHP¼

ð
_QGCHP;h dt

ð
ðPGCHP þ PAUXÞdt

(8)

The simulation results with regard to GCHP performance during
the period considered are SPFGCHP; I ¼ 2:91, SPFGCHP; II ¼ 2:65 and
SPFGCHP; III ¼ 3:98. The effects on the resulting non-renewable
primary energy demand for heat supply are presented in
Fig. 15(b). The non-renewable primary energy factors for natural
gas (CHP) and electricity (GCHP, AUX) are fpe;gas ¼ 1:1 and fpe;el ¼
Fig. 16. Soil temperatures for the simulated system configuration with monovalent GCH
1:8 according to DIN V 18,599e1 [33]. EW-GEO I corresponds to a
primary energy equivalent of 4:04 MWh. For the modified system
configurations, reductions in primary energy demand of 32% (EW-
GEO II) and 54% (EW-GEO III) were achieved.

In contrast to the system EW-GEO I, in the other simulated
system configurations (EW-GEO II & III) energy in the form of heat
is provide only by the GCHP system and the STU. As a result, the
required heat supply by the GCHP is increased and more thermal
energy is extracted from the soil. However, excessive soil cooling
should be avoided in order to not impair the functioning of the
geothermal system. To investigate this, simulations were carried
out for the system configurations with monovalent GCHP system.
P operation, (a) EW-GEO II and (b) EW-GEO III, for the considered winter period.
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The curves of the resulting temperature of the soil are shown in
Fig. 16. The soil temperatures shown are averaged over the tem-
peratures in the depths of 20, 40, 60 and 80 m.

For system EW-GEO II with the existing GCHP in monovalent
operation, the lowest temperature during the simulated winter
period from January till March was 2.6 �C. During the same period,
lower values of the mean soil temperature just above freezing were
reached for system EW-GEO III with a more efficient GCHP system.
Summarizing, the mean temperatures of the soil for both system
configurationswere always above 0 �C. As a result, therewas no risk
of freezing ground water. Thus, monovalent GCHP operation
without night shutdown was permissible according to Ref. [34]
under the boundary conditions present in the simulation.

5. Conclusions

In this study experimental and numerical investigations of an air
conditioning system relying on moisture recovery and geothermal
assisted heat supply are presented. Different system configurations
were considered. Against the background of dry indoor air condi-
tions, different desiccant materials were tested in terms of enthalpy
recovery. The investigations showed beneficial system operation
using SiO2 compared with LiCl. Based on measurement data, an
average moisture recovery efficiency of 0.83 was achieved for SiO2.
The improved heat recovery efficiency of the SiO2-wheel lead to an
average reduction of 76.1% in daily reheating demand. However,
thermal comfort was maintained on a high level using UH or CH.
The requirements for comfort category II were met for at least 88%
of time. Furthermore, enthalpy recovery as well as system opera-
tion were investigated numerically using Modelica. With the help
of physical based component simulations it is obtained that SiO2 is
beneficial against other materials for most temperate climate
conditions. A system simulation model was used to investigate
multiple system configurations. The simulation results show that a
backup system can be avoided, reducing the primary energy de-
mand for heat supply by up to 54%. In future investigations, full-
year system performance will be considered for different locations.
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Nomenclature
Symbols
A area ðm2Þ
COP coefficient of performance ð � Þ
d diameter ðmÞ
f coefficient ð � Þ
fpe primary energy factor ð � Þ
h specific enthalpy ðJ=kgairÞ
k heat transition coefficient ðW =ðm2KÞÞ
m mass ðkgÞ
p pressure ðPaÞ
P electrical power ðWÞ
PD percentage of dissatisfied ð%Þ
q desiccant humidity ratio ðkgw=kgdesiccantÞ
Q thermal energy ðkWhthÞ
_Q heat flux ðWÞ
SPF seasonal performance factor ð � Þ
_V volumetric flow rate ðm3=hÞ
W electrical energy ðkWhelÞ
x humidity ratio ðkgw=kgairÞ
z depth ðmÞ
a cover ratio ð � Þ
D difference ð � Þ
h effectiveness parameter ð � Þ
w temperature ð�CÞ
na air velocity ðm=sÞ
t time ðsÞ
F heat recovery efficiency ð � Þ
f relative humidity ð% RHÞ
J moisture recovery efficiency ð � Þ
u rotational speed ðrphÞ
½…� averaged quantity ð � Þ
Subscripts and Abbreviations
AHU air handling unit
AUX auxiliary energy
BHE borehole heat exchanger
BW0=W35 working point GCHP: brine water at 0 �C and heat

output at 35 �C
cat comfort category
CH ceiling heating
CHP combined heat/power generation
d daily
eff efficiency model
el electrical
eq equilibrium
eta extract air
EW enthalpy wheel
exa exhaust air
GCHP ground-coupled heat pump
h heating
HRW heat recovery wheel
ida indoor air
in inlet
LiCl lithium chloride
lim limit
max maximum
min minimum
oda outside air
out outlet
ph physical based model
pro process air
SiO2 silica gel
STU solar thermal unit
sup supply air
th thermal
UH underfloor heating
w water

http://www.bmwi.de
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