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ABSTRACT 
This paper presents a simulation-based study of a 

decentralized, „low-exergy‟ (or LowEx) space 

cooling system for a commercial office currently 

under construction in Singapore. We used as-

designed building and system characteristics to 

parametrize a TRNSYS simulation model of the 

energy supply system. We also compared the 

performance of the LowEx air-conditioning system 

against a conventional air handling unit. Our study 

indicates that the LowEx concept can reduce 

electricity consumption for space cooling by up to 

40% when complemented by a low-lift chiller and as 

high as 20% when driven by standard chillers. 

INTRODUCTION 

In the tropics, the concept of exergy is especially 

applicable to the design and operation of space 

cooling systems. Carnot‟s theorem suggests that the 

exergy efficiency of a chiller is inversely related to 

its COP, the latter determined by how much cooling 

energy can be supplied per unit input of work (or 

exergy) to the chiller. Chiller COP can be increased 

by minimizing the required input work to the 

vapour-compression cycle, this being achieved 

principally through reducing the temperature lift that 

the chiller must provide. So-called “low-lift” chillers 

are currently under development, but have shown 

promising capabilities to operate at COPs exceeding 

10 [Wyssen et al., 2010], in turn promising 

significant energy savings for space cooling 

applications. 

 

In order to utilize low lift chillers, however, air-

conditioning systems must be designed to satisfy 

cooling loads at higher energy delivery 

temperatures. In this regard, radiant chilled ceilings 

and similar water-based cooling systems operating 

at comparatively high chilled water temperatures are 

considered key enabling technologies, at least for 

sensible cooling loads (Iyengar et al., 2013). 

 

Coupling chilled ceilings (or slabs) with a 

mechanical ventilation system is a form of 

„decentralized‟ air-conditioning, and occupies its 

own field of study. In 2014, Kim et al. (2014) 

performed an exergy analysis on three types of 

cooling systems: an all air system, a centralized 

ventilation system with radiant cooling, and a 

decentralized system with radiant cooling. It was 

found that the latter system had the highest energy 

and exergy efficiencies due to the energy savings 

provided by free reheating and reduced exergy 

destruction of the decentralized ventilation cycle. 

This particular study builds on earlier conceptual 

work regarding the tailoring of decentralized 

systems for persistently hot and humid climates 

(Meggers et al., 2013). 

 

SCOPE OF STUDY 

In 2014, architectural and engineering researchers 

from the Singapore-ETH Centre‟s Future Cities 

Laboratory were invited to design, holistically, a 

~550 m
2
 office space in Singapore to serve dual 

purposes as a conventional occupant workspace and 

living laboratory of a decentralized, LowEx space 

cooling system. Now under construction in 2015, 

the final approved design incorporated the following 

technologies and measures: 

 passive chilled beams - for sensible cooling 

 decentralized, dedicated outdoor air units 

(DOAS) with built-in enthalpy and desiccant 

wheels - for latent cooling of fresh air 

 decentralized recirculating fan-coil units 

(FCUs) with integrated heat-pipes for air pre-

cooling and reheat - for treatment of indoor 

latent cooling loads 

 an underfloor air distribution (UFAD) 

network for displacement ventilation of the 

decentrlized air system 

 

One of the most important steps in the system 

design process has been the utilization of transient 

building performance simulation for predictive 

analysis and fine tuning of the system‟s design. To 

this effect, a TRNSYS simulation model was 

developed for a single ~64 m
2
 zone within the 

project area. This paper provides a technical 

description of the simulation model and its results, 

with three underlying objectives of the study : 

 to explore the technical structure and provide 

commentary on the simulation of decentralized 

ACMV systems in the dynamic building 

simulation environment 

 to publish an empirical model of a currently 

available commercial passive chilled beam 

product 
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 Entire project area: 550 m
2 

 4 independent ventilation control zones, 
each served by 1 of DOAS and 1 FCU 

 14 independent control zones for sensible 
each with near-complete ceiling coverage 
with PCBs 

 Single zone for simulation study 

 Normally to be used as a board room, but treated as an open office for the 
purposes of this study 

 To be served by 1 DOAS, 1 FCU, and 27 PCBs in isolation  

 Also to be installed with a secondary air handling system, with supply and return 
air connections provided from a central, conventional air handling unit 

N 

E 

N 
W 

 to publish performance simulation results of an 

ACMV system for hot & humid climates that 

couples a decentralized displacement 

ventilation system with passive chilled beams 

METHODOLOGY 

The performance analysis for this work carries out a 

sequential simulation of building occupant services, 

end-use energy demand, and energy supply systems. 

It broadly follows the structure of the DeBERA 

model described in Rysanek and Choudhary (2013). 

ABOUT THE PROJECT SITE 

Partly illustrated in Fig. 2, the 550 m
2
 project area 

for installation of the decentralized ventilation 

system is to occupy approximately 25% of a single 

floor within a larger, 5-storey, 20,000 m
2
 

institutional building. The building is to be owned 

and operated an international school in Singapore, 

with the project area representing its future 

administrative offices. Further construction and 

operational properties are shown in Table 1. Note 

that information in this table applies to both the 

project area and the rest of the building, unless 

otherwise stated. 

It should also be noted that, within the project space, 

a ~64 m
2
 boardroom will be specifically configured 

with overlaying air handling systems: 1) the 

designated decentralized ventilation system with 

passive chilled beams, and 2) supply and return air 

connections from a central air handling system. It is 

specifically this room under evaluation by this 

study. It‟s layout is further illustrated in Fig. 3. 

 

Table 1: Description of salient building construction 

and operational properties 
PROPERTY DESCRIPTION 
Construction Type Concrete frame structure 
Number of 

occupants 
Between 20-30 daily, plus 20 when 

board room in occupation 
Occupancy Conventional office environment 

(i.e., 8am-6pm wkday occupancy) 
Lighting LED luminaires with expected  

7 W/m2 peak power density 
Thermal Comfort 

and Air Quality 
Occupied daytime setpoint of 23 

°C, 55% relative humidity, and 

1200 ppm CO2 concentrations 

 

Figure 1 Overview of project site (left) and description of simulation model geometry (right) 
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SIMULATION PROCESS AND 

RESULTS: OCCUPANTS AND 

INTERNAL GAINS 
A stand-alone transient, stochastic simulation tool 

was used for prediction of occupant services 

demand (e.g., thermal comfort setpoints, equipment, 

lighting, and occupancy gains). In the model, called 

DELORES, it was assumed that the daily mean, 

peak occupancy of the space was 15 employees, 

each operating a laptop computer with separate 

monitor. Other electrical appliances in the space 

included a large laser printer and television screen. 

Additional information about the model can be 

found in Rysanek and Choudhary (2013). Figure 3 

provides an illustration of the model‟s outputs for a 

5-day simulation period. Simulation timesteps for 

the model are one hou 

SIMULATION PROCESS AND 

RESULTS: END-USE COOLING 

DEMAND 

The TRNSYS simulation platform was used for the 

simulation of building end-use energy demand and 

consumption (http://www.trnsys.com). TRNSYS‟ 

Type 56 multi-zone building model was used to 

predict end-use energy demand with transient 

internal gains, occupancy profiles, setpoints 

schedules and weather profiles received from the 

DELORES simulation and METEONORM software 

(http://www.metonorm.com). 

 

 

 

 

 

The simulation geometry was created using the 

TRNSYS3D plug-in to Google SketchUp 2014. 

Three interior air zones were defined for the 

simulation case: the occupied space, underfloor 

access space, and façade plenum – all three detailed 

in Fig. 3.  

 

For the parameterization of building construction 

material properties, such as window and wall U-

values,  a conservative approach was taken on the 

handling of uncertainty. Effectively, a minimax 

approach was assumed such that the targeted design 

(or best-case) parameters for construction would be 

contrasted against a possible worst-case scenario 

option. The worst-case scenario would represent a 

heuristic assumption of parameters values based on 

incorrect, insufficient, or poor quality construction 

and commissioning of the building fabric. Table 2 

identifies values targeted for the building‟s design 

versus assumed worst-case scenario values. U-

values were calculated using the TRNSYS 

TRNBUILD material layer builder. 

 

 

 

 

As a first study, simulations were performed to 

estimate the transient and average (i.e. ideal) daily 

cooling energy demand of the studied zone. 

Simulations were carried out over a 5 weekday 

period in the third week of April. This week 

corresponded to the hottest week of the year as 
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handling unit 

(minimum 15% 
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Figure 2 Overview of dual air-conditioning systems to be installed within simulation area  

Figure 3 Outputs of DELORES simulation of internal 

gains and setpoint temperatures; undertaken for a 5 

weekday period 
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determined by the mean daily dry-bulb temperature 

estimated by the METENORM climate simulation. 

Both the design and worst-case scenarios defined in 

Table 2 were simulated independently. Simulation 

time-step sizes were set to 15 min. for this part of 

the study. 

 

Average daily simulation predicitons of end –use 

cooling demand are illustrated in figure 4. The 

figure illustrates a now well-known issue within the 

building simulation field: that input parameter 

uncertainty – notably building air tightness (i.e. 

infiltration) – can have a significant effect on 

building energy performance prediction (Macdonald 

2002). Without delving further into the specific 

sensitivity of input parameters to prediction 

uncertainty, we instead heuristically deem the 

„worst-case‟ scenario inputs to be acceptable for our 

further energy system simulation. Whilst we 

propose this may be acceptable for achieving design 

risk minimization as per minimax criteria, we 

acknowledge there must be some uncertainty in our 

selection of worst-case scenario parameters. As this 

falls out of the intention of this paper, this should be 

subject to a separate study. 

 

Table 2: Variable building construction properties 
PARAMETER DESIGN 

VALUE 
REALIZED 

WORST-

CASE 

SCENARIO 

UNIT 

Exterior 

Cladding  

U-value1 

0.704  0.855 W/m2K 

Exterior 

Cladding 

Absorptivity2 

0.7 0.9 - 

Interior 

Cladding  

U-value1 

0.489 0.599 W/m2K 

Raised Floor U-

Value1 
2.401 2.964 W/m2K 

Concrete slab U-

value3 
2.88 3.88 W/m2K 

Glazing  

U-value4 
1.76 2.12 W/m2K 

Glazing  

g-value4 
0.597 0.712 - 

Glazing-Frame 

Thermal Breaks4 
Yes No - 

Average 

Infiltration Rate5 
0.1 0.25 -  

Notes; rationale for worst-case parameter values: 
1 Delivered insulation thickness only 80% of design value 
2 Dust, or soot-covered surface upon operation 
3 Density of delivered concrete 10% greater than expected 
4 Cheaper, less effective glazing product chosen for final 

installation 
5
 Adapted from CIBSE Guide A (see 

http://www.cibse.org) 

 
Figure 4 Comparison of average daily end-use 

cooling energy demand over simulation period 

SIMULATION PROCESS: 

ACMV SYSTEM 

The ACMV system satisfying sensible and latent 

cooling loads within the project area is illustrated in 

the schematic of figure 5. This figures also provides 

the information flow and control block diagram of 

the TRNSYS simulation. As described earlier, the 

thermodynamic system is comprised of three key 

technologies: passive chilled beams for sensible 

cooling, recirculated-air FCUs for interior latent 

cooling loads, and fresh-air DOAS‟ for fresh air 

latent cooling loads. The control of the system is 

complex in nature, and in this paper we can only 

broadly describe the system and how it is governed.  

 

On the simulation of passive chilled beams  

In the research literature of chilled ceilings, passive 

chilled beams (PCBs) appear to be less understood 

or studied than radiant ceiling panels and 

chilled/heated slabs. This is despite the two 

technologies requiring very similar, if not identical, 

hydronic systems. One of the reasons for this may 

be attributed to the fact that PCBs, which are driven 

by natural convection and buoyancy forces, are 

applicable to cooling-only applications - limiting 

their relevancy to consistently hot environments. 

Active chilled beams, the forced-air relative of 

PCBs, are also more understood and perhaps for 

similar reasons as radiant ceilings - they can be used 

for both space heating and cooling [Betz]. 

 

Few widespread transient simulation tools provide 

the embedded functionality to evaluate PCBs, 

including TRNSYS. EnergyPlus is one exception, 

offering an empirically-derived model for active 

chilled beams that can be configured to emulate 

PCBs as well. However, this model - which was 

originally developed for DOE 2.1E, dates back to 

the early 1990s and thus may or may not be 

applicable to the latest generation of PCB products. 
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For this study, the authors derived a workable 

empirical model for an identified passive chilled 

beam product from TROX GmbH: PKV-L-2-A1 

measuring 2000mm (L) x 455mm (W) x 200 mm 

(H). TROX provides both hardcopy and software-

based technical performance specifications and 

sizing tools. We have extracted data specifically 

from TROX‟s “Easy Product Finder” software to 

reconstruct a regression model for the identified 

PCB. Data from this software is certified by 

Eurovent (see http://www.trox.de for information). 

 

Regression models for PCB cooling power and 

supply water pressure drop are represented in 

equations (1) and (2) respectively. In (1), Qpcb 

represents total sensible cooling power provided by 

the PCB in kW, Tw represents the chilled water 

supply temperature, Tc presents the ceiling air 

temperature adjacent to the PCB, Vw represents the 

chilled water flow rate in L/hr. In (2), ΔPw 

represents water-side pressure drop as function of 

chilled water flow rate. R-squared values for the 

regression analysis, shown in figure 6, indicate a 

reasonable fit between measured and modelled data 

for the stated validity range below. 

(1) 

               
              

            
  

                                   
                                

                      
 

               
                      (2) 

 

both (1) and (2) valid for:  17 °C ≤ Tw ≤ 19 °C 

24 °C ≤ Tc ≤ 27 °C 

40 L/h ≤ Vw ≤ 330 L/h

   

 

 

 
 

Figure 6: Comparison of regression model outputs 

to manufacturer data for TROX  

PKV 2000 x 455 x 200 

 

Whilst the PCB regression model has been very 

simply produced out of publicly available 

information, in the literature space there appears to 

be a lack of founded models for PCB performance 

applicable to multiple transient BEM platforms. It is 

hoped that this model of a single product may prove 

useful for future studies. 

 

In the current study, 24 PCBs are deployed within 

the simulation area. They are used to provide any 

residual sensible cooling otherwise not met by the 

ventilation system, which is designed to provide 

primarily latent cooling. 

 

On the decentralized ventilation system 

The overall ventilation system is relatively complex 

both in installation and control. It involves the use of 

two types of air handling units, each serving a 

different objective with respect to latent cooling, and 

both operating alongside the PCB system for 

sensible cooling. Both units also incorporate energy 

recovery devices.  
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Figure 5 Information flow diagram of the TRNSYS simulation of the proposed decentralized 

space cooling system 
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For instance, the FCU is equipped with a heatpipe 

transferring sensible energy between pre-coil and 

off-coil air conditions. This is to reduce on-coil 

temperature whilst providing a passive form of 

reheat - necessary for air supply in the displacement 

ventilation system.  The DOAS incorporates an 

enthalpy wheel and desiccant wheel for similar 

purposes. Its operation and benefits are more aptly 

described in Mumma (2007).  

 

Salient input parameters for both types of ventilation 

units are provided in table 3. Some of these 

parameters have been derived from prior 

experimentation (Murray et al. 2015). Or taken 

directly from manufacturer data. An example of the 

former is provided in figure 7. 

 

 
STATE 1 2 3 4 5 6 

Air flow 

(m3/hr) 

548 548 548 548 522 522 

DB (°C) 32.2 22.5 12.6 18.0 24.0 18.7 

WB 

(°C) 

27.3 21.0 12.6 13.1 18 17.7 

RH% 68.8 87.5 99.9 57.0 55.0 89.7 

HR 

(g/kg) 

21.1 15.0 9.10 7.30 10.3 12.1 

 

Figure 7 Steady-state performance characteristics 

of designated DOAS for simulation  

 

On the control of the overall system 

As previously described each energy supply 

technology within the overall decentralized system 

serves a specific purpose with respect to sensible 

cooling, latent cooling, and indoor air quality. The 

dispatch of these technologies under transient 

operating conditions is simulated in an integrated 

manner using the TRNSYS Type 155 runtime 

coupler to MATLAB. The control logic 

programmed into the system is, for the moment, 

simple. Three priority layers (or steps) govern the 

sequencing of the individual energy supply system 

during any period of operation: 

 

Table 3 Salient model parameters for TRNSYS 

simulation of the decentralized ventilation system 

 
Type Key Parameters Val. 

667: Heat 

Recovery 

Wheel 

Sensible Effectiveness 0.733 

Latent Effectiveness 0.67 

508: DOAS Coil bypass fraction 0.24 

cooling coil 

716: Passive 

desiccant wheel 
Effectiveness 

{REF

} 

689: Heat pipe Effectiveness 0.4 

508: FCU 

cooling coil 
Bypass fraction 0.08 

Emperical 

Model: PCB 
Bypass factor 0.05 

689: Heat pipe Effectiveness 0.4 

508: FCU 

cooling coil 
Bypass fraction 0.08 

Emperical 

Model: PCB 
Bypass factor 0.05 

155: Matlab 

Outdoor CO2 (m3 

CO2/m3 air) 
3.8e-4 

Indoor CO2 setpoint (m3 

CO2/m3 air) 
0.001 

Outdoor CO2 (m3 

CO2/m3 air) 
3.8e-4 

Indoor CO2 setpoint (m3 

CO2/m3 air) 
0.001 

Occupant breathing rate 

(m3/person/hr) 
0.02 

Max water flow per PCB 

(kg/hr) 
330 

Max DOAS air flow 

(kg/hr) 
640 

Max DOAS CW flow 

(kg/hr) 
714 

Max FCU air flow (kg/hr) 640 

Max FCU CW flow 

(kg/hr) 
714 

DOAS offcoil humidity 

setpoint (g/kg) 
9.1 

FCU offcoil humidity 

setpoint (g/kg) 
7.8 

Boardroom humidity 

setpoint (g/kg) 
10.2 

% DOAS Exhaust/Supply 

flow 
0.9 

 

 

STEP 1: Ensure sufficient air quality is provided: 

Action: Fresh, dehumidified air is supplied from the 

DOAS at a variable rate in order to maintain indoor 

CO2 concentrations at 1200 ppm 

 

STEP 2: Ensure indoor air humidity is below 

maximum setpoint: 

Action: If required (i.e., if the DOAS provides 

insufficient dehumidification), the FCU is 

dispatched to provide additional latent cooling so 

that the dewpoint temperature within the space is 

kept below 15 deg C 

 

STEP 3: Ensure indoor air temperature setpoint is 

met: 

Action: Provided sufficient dehumidifcation of the 

indoor air as per STEPs 1 and 2, the PCBs provide 

any necessary sensible cooling to meet desired 

setpoint air temperatures. To alleviate condensation 

risks, the water supply temperature to the PCBs 

Cooling 
coil

Heat-
recovery 

wheel

Passive 
desiccant 

wheel

1 2 3 4

56
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must be kept 1.5 deg C above the indoor air 

dewpoint temperature at all times. 

 

The MATLAB control process for engaging STEPS 

1 to 3 is implemented using iterative feedback (IF) 

controllers in a stepwise refinement structure, 

configured not unlike TRNSYS‟ own Type 22 IF 

controller. Configuration of the system using 

realistic PID controllers (or similar) is still pending. 

The same logic applies for the simulation of a 

conventioanl air handling system in the same space, 

with simulation control diagram shown in figure 8. 

 

For the realized building project, all energy supply 

systems, both the high-temperature PCBs and low-

temperature air handling units, will utilize the same 

chiller plant. For the purposes of this study, we 

assume the COP of this chiller to be 5, and constant 

for all part-load conditions. As mentioned, in a 

future installation, it may be possible to integrate a 

low-lift chiller to provide chilled water directly to 

the high-temperature PCB network. Whilst this 

could increase part of the cooling system‟s COP to 

10 or above, it remains only a provisional, unproven 

target. 

SIMULATION RESULTS: 

ACMV SYSTEM 

 

Simulations of the decentralized system are carried 

out at time steps of 3 minutes over a 5-day weekday 

period in third week of April. For all simulations, 

input parameters into the building module (i.e., Type 

56) are taken from the “worst-case scenario” defined 

earlier in this paper.  

 

Figures 9 and 10 provide transient simulation results 

over the 5-day period of study. The latter figure can 

be is used to illustrate the dynamic nature of the 

control problem for this type decentralized system, 

but likely for similar others as well. When viewed in 

conjunction with figure 3, a correlation is evident 

between the transient occupancy of the space and 

the dispatch of supply from both the DOAS and 

FCU.  

 
Figure 8 Information flow diagram of TRNSYS 

simulation of central air handling unit 

 

 
 

Figure 9 Simulated indoor air temperatures 

achieved with decentralized and central air 

handling systems 

 

This supports the benefit, and perhaps importance, 

of representing occupancy presence and internal 

loads stochastically in order to obtain realistic 

performance predictions of these types of systems. 

Figure 11 provides the main result of this study: a 

holistic comparison of total primary energy 

requirements for the proposed decentralized system 

versus a conventional air handling unit and future, 

Matlab

              DELORES
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Figure 10 Simulated transient on-coil energy requirements for decentralized and central air 

handling systems 
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fictional system incorporating a “low-lift” chiller. 

The central air handling unit was configured to 

replicate the building’s air handling system outside 

of the project area. It was represented by a fan coil 

unit supplied with a mixture of fresh and 

recirculated air, with an ability to directly control 

only the indoor air temperature and CO2 levels, and 

indirectly indoor humidity. For all systems and 

scenarios, auxiliary power requirements for fans and 

pumps are taken from manufacturer data. 

 

 
Figure 11. Daily estimated electricity demand for 

operation of simulated air handling systems 

(constant chiller COPs assumed) 

 

DISCUSSION AND CONCLUSIONS 

It became evident during the process of this research 

that the simulation of decentralized ACMV systems 

is a challenge for two of the most popular BEMs in 

common use. For instance, prior to the selection of 

TRNSYS for this work, it was attempted to use 

EnergyPlus for the same study. However, this turned 

out to be infeasible. The proposed system, which 

effectively uses three types of air handling systems 

within a single air zone could not be represented 

in  EnergyPlus‟ standard ACMV system 

configuration. It seemed only two of the proposed 

systems could be configured in an integrated 

manner. Whilst using EnergyPlus‟ Energy 

Management System protocol would have been a 

possible way to bypass these constraints, this would 

have resulted in an unconventional solution reliant 

on programming of the thermodynamic system. 

 

On the other hand, whilst TRNSYS did provide the 

capability to incorporate all three types of systems 

into the building simulation process, this was 

consciously done for only one zone. In contrast to 

EnergyPlus, which makes multizoning of ventilation 

systems relatively easy for the user, TRNSYS is not 

suited well for this purpose. Effectively, each air 

handling unit in a building must be individually 

parameterized in a standard TRNSYS simulation. 

For a decentralized system, whereby multiple 

building zones could be supplied by multiple 

distribution networks (each or all supply by a central 

chiller), the user cost of parametrizing a TRNSYS 

model for a collection of spaces would be 

prohibitively costly from the user perspective. 

 

In the undertaken simulation of a single zone within 

the project area, the decentralized ventilation 

concept is predicted to provide 20% savings to  total 

daily electricity consumption for space cooling 

compared to a conventional AHU. These savings 

could increase to as high a 40% could one install a 

low-lift chiller to supply the passive chilled beam 

subsystem. These predicitons will be compared 

against measured data in a future study, to occur 

upon construction and operation of the project area 

at the end of 2015.  
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