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A B S T R A C T

While the use of energy efficient absorption heat pumps has been typically limited to the high capacity com-
mercial and industrial applications, the use of a semi-open absorption heat pump for water heating has been
demonstrated to be an energy efficient alternative for residential scale applications. A semi-open absorption sys-
tem uses ambient water vapor as the refrigerant in the absorber where its heat of phase change is transferred
to the process water, cooling the solution in the absorber. The solution is pumped to the desorber, where by
adding heat, the water vapor is released from the solution and condensed in the condenser. The heat of phase
change of water vapor is transferred to process water again in the condenser. This cycle when implemented with
a membrane-based absorber in a plate and frame form of heat exchanger using ionic liquids can overcome the
challenges related to the system architecture of conventional absorption heat pumps like the lower efficiency
at small scale, crystallization/corrosion issues with the desiccants and the high cost of hermetically sealed com-
ponents. The cycle COP for such a system was previously demonstrated by Chugh et al. for high humidity con-
ditions. In this experimental study, design improvements were made that expand the system’s applicability to
more practical and standardized test conditions. With these improvements, the performance of the system was
evaluated. The results presented in this study demonstrate the improved system’s viability as a heat pump water
heater conforming to standard water heater test conditions. Performance was measured at a cycle thermal COP
of 1.2 with a hot water delivery water temperature of 56 °C and ambient air at 19 °C and 49% RH.

Nomenclature

CCHP combined cooling heat and power
COP coefficient of performance
EF energy factor
GWP global warming potential
HPWH heat pump water heater
IL ionic liquid

RI refractive index
RH relative humidity
SHX solution heat exchanger
UEF uniform energy factor
VCS vapor compression system

mass flow rate (kg/s)
T temperature (°C)
Ta_dpinlet inlet air dew point temperature(°C)
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1. Introduction

With rising energy demand and the dependence on fossil fuels, the
world is facing the unprecedented challenge of climate change and en-
ergy security [1]. Energy saving in buildings represents a major oppor-
tunity to limit the rise in demand, since energy consumption in build-
ings represents over one-third of the global and ∼40% of the US energy
consumption [2]. Forecasts suggest that the energy demand of the build-
ing sector will substantially rise due to growth in developing countries
[3,4]. To slow this growth in energy consumption and its environmental
impacts, one of the fundamental research objectives is to develop more
energy efficient technologies.

Water heating is responsible for a significant portion of the energy
demand in the US residential building sector, consuming ∼2 Quads of
primary energy at a cost of close to $32 Billion. To reduce this en-
ergy demand, recent research efforts have focused on developing effi-
cient heat pump systems [5–7], combined power cycles [8] or load man-
agement [9,10]. Historically, the implementation of environmentally
friendly and energy efficient absorption heat pumps has primarily been
limited to high capacity cooling, heating or CCHP applications. The de-
velopment of residential scale absorption systems has recently been the
focus of significant research [11–16]. Two key factors that limit expan-
sion of absorption systems into small scale applications are the com-
monly used heat exchanger type and the working fluids used. First, the
large absorption heat pump architecture uses shell and tube type heat
exchangers, which are not economical for small scale applications. Sec-
ond, the common working fluid pairs, LiBr-H⁠2O and LiCl-H⁠2O, are prone
to crystallization, requiring the deployment of expensive and complex
control mechanisms for stable and reliable system operation. In addi-
tion, the high corrosion rates associated with these working fluids re-
quire system pH management and the use of expensive metals. The re-
cently proposed gas-fired semi-open membrane-based architecture (Fig.
1) offers an efficient and economically viable platform for a robust and
compact absorption-based heat pump system for residential scale water
heating applications with the potential to reduce the dehumidification
energy consumption as well.

The semi-open architecture, as discussed in [17], showcases the po-
tential of this new architecture compared to existing closed absorp-
tion systems. The open absorber configuration improves economics as it
eliminates the need for a hermetically sealed metal design and fabrica

tion. Instead, the absorber can be made from polymers and high-volume
manufacturing techniques, such as thermal forming, can be deployed.
Through analytical evaluations it was demonstrated that for heat pump
applications, a semi-open architecture can achieve a COP comparable to
that of closed systems and significantly enhance the operating window
of the cycle with a minor performance penalty. Since this system utilizes
the ambient water vapor as the refrigerant, there is no concern of a low
temperature cut off as in conventional heat pumps due to the freezing
of condensed water over the evaporator coils. The desorber-condenser
part of the cycle is similar to a closed absorption heat pump system con-
figuration, the only difference being that air is present. The presence of
air may reduce the condensing potential and warrants larger surface ar-
eas and higher driving temperatures than closed systems to meet the re-
quired hot water outlet temperature.

In the open absorber, since the water vapor is absorbed from the air
stream, the air stream is dehumidified. When the absorber is in a con-
ditioned or semi-conditioned environment, the reduction in water va-
por content will result in the lowering of the latent cooling load. The
latent load for indoor applications is typically in the range of 20–40%,
but in certain climate zones and applications it can be as high as 100%
[18]. A typical installation location for an absorption heat pump water
heater is the garage or basement of the home. Garage humidity ratios
can approach that of outdoor air, which dependent on climate, can be
significantly higher than the indoor humidity ratio. Additionally, parts
of homes with poor ventilation, for example basements, can have very
high humidity levels which warrant a dedicated dehumidifier installa-
tion (19% of homes have a dedicated dehumidifier installed in the base-
ment). Thus, an absorption heat pump water heater could remove the
need for a separate dehumidifier in a house to maintain the air humidity
within the specified range per the ASHRAE standard. Further, the water
vapor which is condensed in the condenser can be drained or utilized in
either a direct or indirect evaporative cooling process. This additional
advantage will further lower the cooling load for the residential cooling
system.

The implementation of a new class of ionic liquid (IL-H⁠2O) work-
ing pairs applicable to absorption systems has attracted significant re-
search in the last decade [19–27]. ILs are the new state of the art salts
which can remain liquid at room temperature and have an affinity to
the various refrigerants used in absorption systems like water, ammo-
nia etc. Additionally, the properties (vapor pressure, viscosity, and other
thermophysical properties) of these ILs are tuneable, thereby allowing
configurable working pairs which can be optimized for various climate

Fig. 1. (a) Process schematic of the semi-open absorption heat pump system. (b) Representative psychrometric processes for air flowing through the semi-open heat pump: state 3 is with
indirect evaporative cooler, state 3′ is with direct evaporative cooler.
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conditions. The ILs can be heated to high temperatures (up to 200 °C)
to meet the desired hot water outlet temperature. This is a major lim-
itation in conventional absorption heat pumps where the highest tem-
perature of the working pair is limited by crystallization and corrosion
rates. Recently, Chugh et al. [5] experimentally demonstrated the use of
ionic liquids for a residential scale heat pump water heating system and
achieved cycle COP of almost 1.4. As outlined in [5], these ILs do not
crystallize and have significantly lower corrosion rates eliminating the
need for complex control mechanisms. However, the tests results dis-
cussed in [5] were done at favorable test conditions of high latent loads
and with low water inlet temperatures. It was noted in that study that
the system should be improved, specifically enhancement in the heat
and mass transfer characteristics for the absorber and the desorber was
required, to be able to test it at more practical and standardized test
conditions.

In this study, a brief overview of the semi-open ionic liquid ab-
sorption-based HPWH system is presented. A description of the poly-
mer absorber and the combined desorber-condenser module is pre-
sented, which enhances the performance of the semi-open absorption
heat pump system and allows the testing of the heat pump water heater
using ILs at standardized test conditions. Then the experimental system
including all necessary auxiliary systems are described in detail. The
system was evaluated under realistic/standardized water heating condi-
tions and the results are presented and discussed.

2. System operation

The water heater system operation is described in detail in [5]. The
system schematic and a very brief overview is presented here (Fig. 1A).
The absorbent solution flowing through the absorber interfaces with

ambient water vapor through the membrane. The water vapor is then
absorbed and its heat of phase change is released in the solution. The
process water flowing through the absorber is heated by the hot ab-
sorbent solution. The water-laden solution is pumped to the desorber
where it is heated by a heating fluid to release the absorbed water va-
por. The process water flows from the absorber to a solution heat ex-
changer. The solution heat exchanger represents another novel feature
of the cycle in that it permits the recovery of the heat energy from
the solution exiting the desorber by heat exchange with process water
rather than the conventional exchange with the solution exiting the ab-
sorber. The result is cooling of the solution prior to its entry into the
absorber, and elevation of the process water temperature prior to its en-
try into the condenser. Upon entry into the condenser, the process wa-
ter absorbs water vapor heat of phase change and exits the system. The
condensed water is then either drained, if dehumidification is required,
or it can be used in evaporative (direct or indirect) cooling. The state of
the air flowing through the absorber-evaporator for the different possi-
ble operation configurations is shown in Fig. 1B.

3. Experimental test system

3.1. Test loop diagram

The absorption heat pump system was fabricated and coupled to a
storage tank in an environmental chamber. Fig. 2 shows the schematic
of the experimental set up. Two primary flow loops, namely solution
(IL) and process water are circulated. The Uniform Plumbing Code (Sec-
tion 602.1), as well as many locally enforced plumbing codes, pro-
hibit connections where potable water could be contaminated with
non-potable water either during normal operation or upon over-pres

Fig. 2. Process and instrumentation diagram of the instrumented experimental test setup.
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surizing part or the whole water supply system. Therefore, water from
the storage tank could not be circulated through the heat pump and an
intermediate plate-plate heat exchanger was used to transfer heat be-
tween the domestic water and the heat pump hot water stream. The
inlet temperatures and flow rates of these fluid loops are measured
and can be controlled independently. Additionally, two secondary fluid
loops are required: the oil loop, which provides the heat input to the
desorber, and a second heat transfer water loop which circulates water
between the tank and the water-water heat exchanger. Fans are used to
push the air through the absorber.

To maintain tank stratification in the hot water storage tank, the
tank was heated by drawing the colder water from the bottom of the
tank and returning the heated water to the top of the tank. The IL solu-
tion is pumped from the absorber exit to the desorber, exits the desorber
and flows by gravity to the solution heat exchanger and then to the ab-
sorber. The process water to be heated enters the absorber, then flows
to the solution heat exchanger and finally to the condenser.

3.2. Absorber

A schematic of the absorber is shown in Fig. 3. The absorber is fabri-
cated from polycarbonate sheets. Two sheets of polycarbonate with ma-
chined channels for water flow are thermally bonded to form the inter-
nal channels for water flow. Post-thermal bonding features, as described
in [5,12] are machined for the solution side structures. Following this, a
chemical treatment of the polycarbonate surfaces is performed to make
the surface hydrophilic. Then manifolds are bonded using adhesive and
the membrane is bonded using a thermal bonding process. Air flows
across the panels through a 3mm gap between membranes. The evapo-
rator section is also installed right after the absorber section. However,
the evaporative cooler part performance was not tested in this study as
the focus was the heat pump section of the system.

Fig. 3. Schematic of the absorber sub-assembly.

3.3. Desorber-Condenser module

The module design included an integrated desorbing and condensing
surface as shown in Fig. 4, with a membrane separating the two. The
membrane surface is superhydrophobic preventing its wetting by the so-
lution. To enhance the desorption rate, the desorber used a structure
similar to that used in the absorber, with a single two-sided brazed plate
[11,28]. The two sides, desorbing and condensing, were bolted together
with a gasketing material. The sub-assembly was leak tested with Nitro-
gen gas up to 5 PSI. Fig. 4 delineates the schematic and a picture of the
fabricated desorber.

3.4. Heat exchangers

The two counter flow heat exchangers shown in Fig. 5 are used in
the heat pump section. One transfers heat from solution to water, and
the second from oil to solution. A third heat exchanger is used as heat
exchange interface between the heat pump and the storage tank.

Instead of a gas burner, hot oil was used as the source of energy in-
put to simulate fuel input. The temperature of the oil was controlled
through a conditioning circulating bath. The circulator had an inte

Fig. 4. (a) Schematic of the desorber-condenser module and (b) Photograph of the assem-
bled desorber and condenser module.

Fig. 5. Two heat exchangers used in the heat pump section with connections and thermo-
couples installed.
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grated two-stage pump. The heat pump was integrated with a nomi-
nal 50-gallon storage tank. Domestic water was circulated via a variable
speed pump to change flow rate as desired. City water was conditioned
and circulated through a laboratory installed water conditioning supply
system.

3.5. Measurement system

Oil, solution (IL) and process water flow rates were measured us-
ing Coriolis type mass flow meters. Domestic water volumetric flow rate
was measured using an Alicat flow meter. All flow meters were cal-
ibrated in house using a bucket-stopwatch method. All temperatures
were measured using T-Type thermocouples. Relative humidity mea-
surements were made using Vaisala thin-film capacitive humidity sen-
sors. Individual accuracies are listed in Table 1. Data was acquired from
these sensors via a National Instruments cRIO data acquisition system
on a one-second basis.

3.6. Data reduction and uncertainty analysis

The COP of the system is calculated using the Eq. (1)

(1)

The uncertainty was calculated using an engineering equation solver
(EES) subroutine for propagation of uncertainty. The subroutine is based
on NIST guidelines [29] and assuming the individual measurements are
uncorrelated and random, the uncertainty in the calculated quantity can
be estimated as

(2)

Table 1 below lists all the relevant measurement errors and the un-
certainties in this experimental study.

4. Results and discussion

4.1. Experimental testing

The objective of this study was to evaluate the steady state perfor-
mance of the heat pump section of the system at the UEF and condi-
tioned space conditions. Due to the solution heat loss that would oc-
cur through the addition of refractive index (RI) instruments in the test
loop, the solution concentration is not measured in the present work.
The lack of solution concentration measurements prevented conduct-
ing a full energy balance within the absorber and desorber/condenser
module. However, energy balance based on RI measurements are re-
ported in a previous study by authors [5]. Fig. 6 shows the system
state points marked with steady state data on the components that were

Table 1
Measurement error and uncertainty propagation ORNL.

Variable Uncertainty

Temperatures -All T-type TC 0.8 °C
Solution mass flow rate ±1% reading
Process water mass flow rate ±1% reading
Oil mass flow rate ±0.5% reading
Air Relative humidity ±1.5% RH
Water heat ±2.0% (max value at UEF test condition)
COP ±10.9% (max value at UEF test condition)

evaluated at the UEF condition. Fig. 7 demonstrates the temporal run at
the UEF condition with water inlet and outlet temperatures and the to-
tal water heat transfer. Since this was an experimental test unit, manual
control of valves to reach desired flow rates introduced certain limita-
tions to achieve steady flow rates. Optimum fixed flow rate levels can
be determined once more data is collected with future testing.

4.2. Comparison with previous generation heat pump (Chugh et al. 2017):

In a previous experimental study by Chugh et al. [5] a semi-open ab-
sorption heat pump was tested in a lab setting using the same IL. Table 2
below demonstrates the major differences between the absorber used in
Chugh et al. (2017) and the absorber used in this study. The table shows
a major increase in absorber area with lower envelope volume and im-
provement in the solution side and air solution interface. This permits
more latent energy recovery per unit volume, which allows higher ca-
pacity systems with the same material and cost.

Fig. 8 compares the performance of the system evaluated in Chugh
et al. [5] (at ambient air conditions of 30 °C, 70%RH) and this study
(at different conditions). In Chugh et al. [5], the COP decreased with
increasing capacity at a favorable test condition. The lower absorption
rate of the absorber in Chugh et al. [5] had forced the testing to be done
only at a favorable high latent load condition of 30 °C, 70%RH. Also, the
inlet water temperature was maintained at 17.7 °C and it was noted that
system performance decreased significantly at more practical air and
water inlet temperature conditions. Enhancements in absorber area per
unit volume and mass transfer characteristics were required to expand
the system application to more real-world test conditions. In this study,
some of the improvements are incorporated. Development of thin and
light all polymer absorber panels and changing the manifolding system
are among the improvements. Another key improvement is in the ab-
sorber mass transfer performance which was achieved through elimina-
tion of an air pocket formed between the process air and membrane in
our previous design [5]. This improvement was accomplished through
direct bonding of the membrane on polymer plates surface structures
rather than using 3D printed polymer frames to hold the membrane. The
system was tested at standardized UEF test conditions (19 °C, 49% RH),
typical conditioned space conditions (21 °C, 51%RH), and humid condi-
tions (25 °C, 74% RH) (the test matrix is listed in Table 3). The test con-
ditions in the present study had less favorable air side conditions and
less favorable supply water temperatures. Despite this, due to the higher
surface area per unit volume and better absorber mass exchanger capac-
ity as mentioned above, an equivalent or better COP was achieved. In
addition, the system displayed a higher limit of incoming water temper-
ature as is discussed in detail in the following sections.

4.3. COP and capacity

The COP of the system with the ambient dew point (DP) is shown in
Fig. 9. Since the heat pump recovers the latent load from the ambient
environment where it is installed, a higher latent load (higher DP) leads
to a higher COP of the system. The heat pump involves a coupled heat
and mass transfer phenomena in the absorber with three different flu-
ids (air, absorbent and water) exchanging mass and thermal energy. The
system performance at a given air dry bulb temperature (DBT) and rela-
tive humidity (RH) will not be the same at a different air DBT/RH value
which may have an equivalent DP. Therefore, detailed system perfor-
mance maps at relevant DBT/RH combinations to practical applications
need to be developed. Performance of the system at some typical condi-
tions that are of most practical significance have been evaluated and are
reported in this study.

The COP and the capacity of the system is plotted against the water
inlet temperature (T3 in Fig. 6) to the absorber in Figs. 10 and 11. Wa
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Fig. 6. This figure shows the evaluated components with the state point data at the steady state testing condition corresponding to UEF.

Fig. 7. Temporal run of the system demonstrating the startup, steady and shutdown con-
dition.

ter inlet temperature is an important parameter as it affects the ab-
sorption potential of the absorbent in the absorber. The heat and mass
transfer improvements in the absorber design in this study demonstrates
that the system performance does not diminish beyond Twi>30 °C.
This is a very important characteristic for heat pump water heaters
as the inlet temperature of the water to the heat pump is

Table 2
Comparison of the absorber used in the Generation 1 and this study heat pump.

Absorber Generation 1 This study

Number of panels 4 7
Active Surface area

(m⁠2)
0.42 0.92

Active plate Volume
(m⁠3)

0.0084 0.008

Active surface area/
volume ratio

50 115

Material used Water side: Metal (Cu/SS
frame)
Sol-water interface: SS sheet
Fins: 1.5mm tall made from
Polymer (additive
manufacturing)

All polymer
(polycarbonate)
Thermal and adhesive
bonding, CNC machining
used
Fins: 1mm tall

Membrane pore size 1µm (commercially
available)
Not bonded on the fins

1µm (same vendor as in
Gen 1)
Thermally bonded on fins

dependent upon several parameters, such as hot water load and water
stratification in the tank. Achieving a minimal drop in the COP for high
water temperature will allow the heat pump to operate at the required
energy efficiency level for the full tank charge.
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Fig. 8. Performance comparison of Chugh et al. (2017) to the current study: cycle COP
with heat input.

Table 3
Test matrix for this study.

Ambient temperature/
relative humidity

Absorber inlet water
temperature [°C]

Condenser outlet water
temperature [°C]

21.3 °C/60% 28.8 56.2
23.0 50.9
20.7 49.6
18.0 48.8
16.0 48.2

25.3 °C/74% 17.3 61.3
28.7 68.5

19.9 °C/49% 15.4 56.6
24.8 55.3

Fig. 9. COP as a function of air dew point.

The highest capacity and COP for the system are achieved for the
highest DP condition of 25.3/74% RH. However, the relative lower per-
formance of the system at the UEF condition could also be attributed to
the higher heat losses from the whole system at a relatively cooler am-
bient condition.

It should be noted that the maximum recorded system capacity was
0.8kW at the standardized UEF test conditions, however the capacity
of the system is a function of the number of absorber panels deployed

Fig. 10. COP of the heat pump as a function of water inlet temperature at different ambi-
ent conditions.

Fig. 11. Capacity of the heat pump as a function of water inlet temperature at different
ambient conditions.

and the size of other system components (desorber/heat exchangers). A
residential scale typical water heater heat pump will require a capacity
of around 3kW (coupled with storage tank), therefore scaling the ab-
sorber (and other components) appropriately could potentially achieve
a full-scale system for a residential scale application.

4.4. Hot water delivery temperature with water inlet temperature

Another important characteristic is the heat pump hot water outlet
temperature. The residential water heating application has a require-
ment of about 55 °C at the UEF condition as per the US Department
of Energy standards. The hot water delivery temperature is shown in
Fig. 12 and demonstrates that the heat pump evaluated in this study
can deliver the water above the current requirement of the testing stan-
dard. It should be noted that while attempting to maintain a constant
output hot water temperature (55 °C), as required by the UEF condi-
tion (19.9 °C ambient), the flow rate was manually adjusted. This impre-
cise change in water flow rate led to a relatively small decrease in the
hot water delivery temperature. The water flow rate was not changed
during the more favorable 25.3 °C ambient air condition, leading to a
higher delivery water temperature. A higher water flow rate was used
during the 21.3 °C trials, leading to generally lower heat pump delivery

7
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Fig. 12. Hot water delivery temperature as a function of absorber water inlet temperature
at different ambient conditions.

temperatures. While the system meets the temperature requirement,
adding more panels (surface area) provides the ability to achieve a
higher system heating capacity.

5. Conclusion

Significant improvement has been made to a semi-open mem-
brane-based absorption heat pump system for water heating application
and the system has been tested in an environmental chamber at the Oak
Ridge National Laboratory. The most important improvement is an all
polymer-based absorber, the critical component of an absorption sys-
tem which determines the efficacy of the system. The heat and mass ex-
changing improvement in the absorber is a 2× surface area to volume
ratio increase with half the weight compared to the previous semi-open
absorption system study. These enhancements allow the system to be
tested at more practical test conditions like airconditioned space and
standardized UEF test conditions. Additionally, these enhancements al-
low a higher water inlet temperature to the absorber for the water com-
ing from the storage tank, thereby expanding the heat pump operation
of the system for higher energy savings. The use of ionic liquids demon-
strated the robustness of the system as there were no shutdowns related
to corrosion and crystallization of the absorbent. At the standardized
UEF test conditions the cycle COP obtained was 1.2 with a hot water
discharge temperature of 56 °C. This efficiency is significant improve-
ment over the existing gas fired storage tank water heaters.
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