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1 Introduction
Singapore is located in the tropical climate zone, where ambient conditions show high humidity
and temperature values throughout the year. The Singapore code of practice for buildings Air
Conditioning and Mechanical Ventilation (ACMV) systems (BCA, 2008,2) suggests a maximum
indoor air temperature of 21 to 22°C and a maximum operative temperature of 24-26°C.
Assuming a maximum indoor air temperature of 23°C with a relative humidity of 60% limits the
acceptable humidity ratio in the interior spaces to approx. 9 g/kg. As shown in figure 1 the
humidity ratio of the ambient air is above 15 g/kg most of the year. The figure also shows the
climate data for Vienna, which is in the warm continental climate zone.
The high humidity leads to an
enormous latent as well as sensible
cooling demand which has to be met
by the ACMV system. Following that,
the decoupling of dehumidification and
sensible cooling is the first important
step towards an energy efficient
building. The dehumidification can be
achieved with different processes,
most of them employing either cooling
below the dew point temperature or
ad/absorption of the water vapour
contained in the air.
This paper aims to compare the energy
performance of desiccant cooling
systems driven by solar heat to high
efficiency compression chiller systems,
designed to meet Singapore standard
of energy efficiency for ACMV systems
Fig. 1 - Absolute humidity Singapore/Vienna
(BCA-SS 530, 2008). The systems will
be evaluated according to their overall electricity consumption, since this is the main parameter
for Singapore´s building certification scheme “Green Mark”.
2 Methodology
Dynamic thermal simulations with TRNSYS17 are used to determine the latent as well as
sensible cooling demand of one storey of a reference building, which is a high rise office
building located in Singapore. The footprint of each storey is approx. 1000 m², where fresh air is
supplied by a dedicated air handling unit (AHU). The boundary conditions, e.g. equipment
loads, fresh air demand, indoor climate set points, follow, where applicable, the related
Singapore standards.

Table 1 shows the considered system configurations consisting of compression chiller (CCH),
solid (S-DEC) and liquid (L-DEC) desiccant evaporative cooling subsystems to meet the
sensible and latent cooling demand.
Table 1 – System scenarios
Load
Fresh air, cooling
Fresh air, dehumidification
Fresh air, cooling (Backup)
Fresh air, dehumidification (Backup)
Space, sensible cooling

“CCH”
CCH
CCH
CCH

“S-DEC”
S-DEC
S-DEC
CCH
CCH
CCH

“L-DEC”
L-DEC
L-DEC
CCH
CCH
CCH

Based on dynamic thermal simulations the thermal and electrical performance of the considered
concepts are evaluated and compared. Out of the findings the potential for further optimization
is identified and estimated.
3 Modelling
To assess the thermal and energetic performance of the considered systems, TRNSYS17 was
used to perform dynamic building and system simulations.
3.1 Building and basic ACMV system
A three dimensional model of an office
building was created and simulated as a
reference building to generate load
profiles for the ACMV system simulation.
The building was divided into one core
and four perimeter zones as shown in
figure 2. North and south facing façades
show a glazing percentage of 40%. No
windows were applied to west and east
facing façades as this is common
practice in Singapore in order to reduce
solar heat gains in the building. Table 2
Fig. 2 – three dimensional model of the reference
gives an overview of the chosen
building geometry
parameters for the building simulation.
The basic concept of the considered ACMV system is shown in figure 3. Fresh air is preconditioned in a heat recovery device before it enters the AHU, where the air state is changed
to the desired setpoint values for temperature and humidity. In addition to the ventilation with
inlet air, the remaining space cooling load is calculated.
The electricity demand of the fans as well as pumps is calculated using the following equation 1:
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With the pressure drop ∆p, the pump efficiency η and the volume flow  .

Equ. 1

Table 2 – Parameters for building load calculation
Parameter
Envelope Thermal Transfer Value (ETTV)
(BCA, 2004)
Equipment load (BCA, 2012)
Lighting load
People
Infiltration (without/with building operation)
Ventilation, specific
Ventilation, total
Heat recovery efficiency
Pressure drop of ventilation system
Efficiency of fans
Setpoint temperature supply air
Setpoint relative humidity supply air
Setpoint temperature conditioned space
Operation time

Value
50 W/m²
16 W/m²
15 W/m²
0,11 PAX/m²
0,1 / 0,2 1/h
0,6 l/s per m²
2160 m³/h
81 %
1220 Pa
0,6
22°C
60°C
23°C
Mo-Fr, 08:00 – 20:00

Fig. 3 – Basic scheme of the ACMV system
3.2 Compression chiller
The compression chiller system consists of a compression chiller, a cooling tower and other
auxiliary components. Each component as well as the entire cooling plant has a specific
electricity demand - kW electricity per kW cooling - as shown in Table 3.
Table 3 – Compression chiller plant efficiencies
Component
Chiller (BCA, 2008,1)
Pump (cooling water) (BCA, 2008,2)
Pump (chilled water) (BCA, 2008,2)
Cooling tower
PLANT efficiency εchiller:

Efficiency
kW el/kW cool
0,164
0,014
0,014
0,016
0,208

The chiller is modeled using the part load performance (PLP) in figure 4 which is derived from
manufacturer data. The chiller is sized to meet 99% of the calculated cooling energy demand.
This leads to equation 2, describing the electricity demand of the compression chiller plant:
P

ε ∙ PLP ∙ Q 

Equ. 2
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3.3 Solar thermal system
The solar thermal system consists of
flat plate collectors, a primary loop with
a water pump and a hot water storage
tank (HB). In the storage tank an
electrical back up heater avoids low
temperatures during a period of low
solar radiation or high heat demand.
The main parameters of the solar
thermal system are summarized in
Table 4.
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Fig. 4 – Chiller part load performance
Table 4 – Parameters of solar thermal system
Parameter
Collector area (Acoll)
Mass flow rate collector loop
Volume of hot water storage
Collector efficiency (a0; a1; a2)
Collector pressure drop
Pump efficiency
Setpoint temperature for backup heater

Value
100 N 250 m²
30 x Acoll kg/h
0,1 x Acoll m³
0,51 ; 2,43 W/m².K ; 0,001 W/m².K²
250 Pa/m²
0,6
65°C

3.4 Solid Desiccant (S-DEC)
A solid desiccant cooling system as shown in figure 5 was modeled within TRNSYS17 using
TRNSYS/TESS standard components. The control strategy of the S-DEC is based on different
operation modes. Whenever the temperature of the supply air exceeds the maximum
temperature defined in Table 2, the operation mode is increased by one. If the supply air state
drops below the setpoint, the mode is decreased by one. With increasing operation mode, more
components are activated or run on higher levels as shown in Table 5.

Fig. 5 – Solid DEC plant (Henning, 2004)

The sorption wheel, which is capable of heat and mass transfer between the two air streams, is
one of the major components in the S-DEC system. Due to its ability to dehumidify the fresh air,
major improvements of the system performance in terms of energy efficiency are expected Either due to less energy demand for dehumidification in the backup system or additional
cooling potential in the fresh air stream. The dehumidification process leads to a heat demand,
which is covered with solar heat provided by a solar thermal system. In the solid as well as
liquid desiccant scenario the same solar thermal system described in section 3.3 is applied.
Table 5 - Solid Desiccant operation modes
Mode
0
1
2
3
4
5
6
7
8
9

Heat
recovery
OFF
ON
ON
ON
ON
ON
ON
ON
ON
ON

Humidifier
Exhaust air

Humidifier
Fresh air

Regeneration

Sorption
wheel

20%
40%
60%
80%
90%
90%
90%
90%

20%
35%
50%

ON
ON
ON

ON
ON
ON

3.5 Liquid Desiccant
Liquid desiccant systems offer the possibility to cool and dehumidify humid air. In contrast to
standard compression chiller systems this dehumidification is not achieved by cooling below
dew point temperature, but instead by absorbing water vapor in a salt solution.
Figure 6 shows the processes of different cooling technologies in a psychometric chart. Starting
from ambient conditions (A) the state of air is changed to point (D), which requires sensible
cooling as well as dehumidification. By cooling
the fresh air to (B) and below the dew point
temperature, the water content is reduced due
to condensation (C). Sensible reheating leads

Fig. 6 – Cooling/Dehumidification
processes

Fig. 7 – Liquid DEC plant

to the desired air state at (D). In comparison, liquid desiccant systems are capable to change
the air state directly from (A) to (D), since two decoupled processes are involved. The
absorption of water in the salt solution provides dehumidification, while lowering the
temperature of the solution enables sensible cooling. The amount of water vapour being
absorbed in the salt solution to dehumidify the process air, has to be evaporated from the
regeneration air due to conservation of mass. (A) – (E)
The basic concept of liquid desiccant system is shown in figure 7. In the process air conditioner
hot and humid ambient air contacts a liquid desiccant, such as lithium chloride or a glycol
solution. The lower water vapor pressure in the solution than in the fresh air leads to a reduction
of moisture in the air. The pressure difference is caused by the higher salt concentration as well
as the lower temperature in the solution. The absorption of water decreases the concentration
of the solution, which therefore has to be regenerated in the regeneration air conditioner. A
circle flow of poor and rich solution connects the two air conditioners and is typically equipped
with a heat recovery device. Before the rich solution enters the fresh air conditioner it has to be
cooled down, whereas the poor solution has to be heated up.
Referring to (ASHRAE, 2008) the cooling demand in a liquid desiccant system can be described
with:
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Equ. 3

The heating demand is assumed as follows:
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Sensible heating to regeneration temperature
Residual heat lost to the process air conditioner by the solution

The electricity demand Pel of the system is calculated as below, while other auxiliary consumers
in the liquid desiccant cooling plant are neglected:
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Equ. 5

The pressure drop of the process air stream conditioner is included in the overall pressure drop
of the AHU, while the pressure drop of the regeneration conditioner is assumed to be 150 Pa.
The basic modeling approach presented in this paper is to model the liquid desiccant system as
a black box, whose behavior is described by the changes of the air in the process and
regeneration air streams. Therefore both residual heat terms in the equations above are
replaced by an efficiency approach, which accounts for these losses: εprocess, εreg = 1/0,95.
Describing the state changes of the air streams taking place in liquid desiccant systems as
shown in figure 6, by their changes in enthalpy h, leads to the following equations:
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With: Ambient condition (amb), setpoint condition of inlet air (set), regeneration condition (reg)
4 Results
The scenarios described in Table 1 were simulated based on hourly weather data (D.O.E, 2012)
for the location of Singapore. For all scenarios the cooling (including all cooling loads as listed in
Table 1) as well as the electricity demand was calculated. To calculate the electricity demand,
all relevant ACMV components were considered as described in the modeling description
above: Chiller plant, fans for fresh, exhaust, regeneration air as well as the solar pumps.
Since the performance of a solar cooling system is strongly dependent on the size of the solar
collector field, a variation of the collector area in the range of zero to 250 m² was carried out. An
area of zero indicates the “CCH” base case with a compression chiller plant and not the solid or
liquid desiccant systems without solar system.
Cooling demand
Comparing the calculated cooling demand for air conditioning (sensible, latent) in the AHU and
the sensible space cooling for the base case and the solar cooling systems, figure 8 clearly
shows less demand for the solar systems. This means, that from a user’s point of view, the
same cooling and dehumidification services can be provided with less cooling necessary on the
supply side by changing the cooling technology. The numbers in the diagram indicate the
cooling demand expressed in percent compared to the zero m² base case.
In case of the solid desiccant technology an additional sensible cooling effect can be generated
by adiabatic humidification of the exhaust air stream (See figure 5 and table 5) before the air
enters the heat recovery device to precool the fresh air. As shown in figure 8 this reduction
amounts to approx. 12% less cooling demand. Increasing collector area further decreases the
cooling demand slightly due to lower temperatures and moisture contents in the inlet and return
air stream.
The decoupling of latent and sensible cooling in liquid desiccant systems enables
dehumidification with absorption instead of cooling below dew point as described in section 3.5.
This leads to a reduction of cooling demand of approx. 26%. With increasing collector area no
further reduction of the cooling demand can be achieved.

Fig. 8 – Cooling demand

Electricity demand
Figure 9 shows the calculated electricity demand for the CCH (0 m² collector area), S-DEC and
L-DEC scenarios.
With increasing collector area the solid desiccant system shows decreasing electricity demand
since both backup systems, the heater in the hot water storage and the compression chiller
plant need less electricity to meet the cooling demand. Increasing the collector area above
150m² does not lead to further efficiency improvements for the considered cooling load
situation, since the S-DEC has reached its capacity limits set by its boundaries, e.g. air flow rate
and dehumidification capacity of sorption wheel.
The calculated electricity demand for the L-DEC system equipped with a 100 m² solar thermal
collector field is higher than the one for the base case CCH configuration and is mainly caused
by an increased consumption of the backup heater. One reason is that, due to the conservation
of mass, dehumidification directly causes regeneration heat demand in order to re-evaporate
the water out of the solution. This heat demand is described in Equ. 7 and grows with increasing
dehumidification and decreasing outdoor temperature. In the chosen modeling approach it is
assumed that the L-DEC is always able to meet the load, to provide the desired air temperature
and moisture, therefore no sensible or latent backup cooling is necessary. The system is
entirely driven with chilled water (See figure 8) and hot water provided by the solar system and
the backup heater. In case the regeneration heat demand is clearly higher than the available
useful solar gain, the backup heater starts operation and causes electricity consumption.
The calculations show the importance of the regeneration process taking place in liquid
desiccant systems which should therefore be investigated further. Measurements of the
performance of liquid desiccant systems focusing on the regeneration side were not done within
the scope of this work, but should be carried out to evaluate and assess the chosen modeling
approach as well as to further improve it.
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Fig. 9 – Electricity demand
5 Conclusions/Outlook
By changing the cooling technology the overall cooling demand for sensible and latent cooling
of fresh air in the central AHU as well as sensible space cooling can be reduced without any
negative impacts on the comfort levels, defined by room air temperature and humidity, in the
conditioned space.

By applying solid desiccant instead of compression cooling, the calculated reduction of cooling
demand is approx. 12%, with liquid desiccant cooling even 26% of savings can be achieved.
The reductions are caused by differences in the characteristic cooling processes, namely the
additional cooling effect due to adiabatic humidification of the exhaust air for the S-DEC and
dehumidification with absorption for the L-DEC technology.
The electricity demand of the studied solid desiccant system decreases with increasing size of
the collector field until it reaches a minimum, defined by the S-DEC cooling capacity.
The L-DEC system shows higher electricity consumption for small collector areas than the CCH
base case system, mainly caused by the electrical backup heater. The importance and
dominance of the regeneration side of the liquid desiccant technology is shown and should
therefore be studied further. Measurements of the performance of liquid desiccant systems
focusing on the regeneration side should be carried out to evaluate and assess the chosen
modeling approach as well as to further improve it.
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