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a  b  s  t  r  a  c  t

This research  analyzes  an  advanced  cooling  system,  termed  a low-lift  cooling  system  (LLCS),  that  com-
prises  thermally  activated  building  surfaces  (TABS)  and  a parallel  dedicated  outdoor  air  system  (DOAS)
for dehumidification  and  ventilation.  The  system  utilizes  model  predictive  control  (MPC)  that,  based  on
weather  and  load  predictions,  determines  the  cooling  strategy  over next  24 h  that  minimizes  energy
consumption.  Different  objectives,  such  as  minimizing  the  total  cost  of  electricity,  can  be achieved  by
modifying  the  objective  function.  The  LLCS  performance  was  analyzed  across  16  different  U.S.  climates
relative  to  a variable  refrigerant  flow  (VRF)  for sensible  cooling  only,  and  to  the  VAV  system  for  cooling,
dehumidification  and  ventilation.  Five  dehumidification  strategies  that  can  be  used  in  combination  with
nergy efficiency the  LLCS  were  also  investigated.  The  results  suggest  that  the  electricity  savings  using  the LLCS  are  up
to  50%  relative  to the  VAV  system  under  conventional  control  and  up  to 24%  relative  to the  VAV  system
under  MPC.  The  savings  were achieved  through  lower  transport  energy  and  better  utilization  of  part-load
efficiencies  inherent  in inverter-compressor  equipment,  a result  of  the  TABS  technology  and  the  optimal
control.  The  LLCS  also had  better  performance  than  the  conventionally  controlled  VRF  system.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

In most developed countries about 40% of the total energy
nd 70% of electricity is consumed by the building sector [1].
urrent projections suggest that growing trends in energy con-
umption in the building sector will continue, and at a somewhat
aster rate for commercial than residential buildings. In an effort to
educe energy consumption, energy efficiency of buildings is slowly
eing promoted through different policies, such as the European
nergy Performance of Buildings Directive (European Parliament
2]). Numerous manuals and codes give valuable recommendations
or an improved building envelope, building air tightness, equip-

ent efficiency, and similar improvements for existing solutions.
owever, the building industry in general seems very conservative
hen it comes to the implementation of advanced technologies,
ecessary for the design of low energy buildings and their scaling

o a larger market. Commercial buildings are in general dominated
y internal loads rather than climate, due to a small surface-to-
olume ratio, and high internal loads from people and equipment.

∗ Corresponding author. Tel.: +385 981820552.
E-mail address: tzakula@fsb.hr (T. Zakula).

ttp://dx.doi.org/10.1016/j.enbuild.2014.10.054
378-7788/© 2014 Elsevier B.V. All rights reserved.
Therefore, the building envelope improvements can help to a cer-
tain extent, but the majority of energy reduction needs to come
through better lighting control and advances in cooling and ven-
tilation technology. This paper analyzes the performance of the
advanced cooling system referred as a low-lift cooling system
(LLCS). The specific LLCS configuration comprises thermally acti-
vated building surfaces (TABS) for sensible cooling, and a parallel
dedicated outdoor air system (DOAS) for dehumidification and
ventilation. The TABS and DOAS are served by a water-to-air and
air-to-air heat pump respectively, with variable speed drive for
compressors, fans and pumps. The LLCS is operated under model
predictive control (MPC), an optimal control that uses a dynamic
system model and predictions of future events to optimize the
objective function. The objective function in this research was set
to optimize LLCS performance for the lowest energy consumption,
although other objectives, such as price of electricity, are possible.
The LLCS could also be used for heating, but this was not considered
in this research.

The benefits of separate components of this system have been

shown in numerous papers found in the literature. Decoupling the
sensible (temperature) control from the latent (humidity) and ven-
tilation control was suggested for the improved indoor air quality
(IAQ) and energy savings [3–5]. In a decoupled system, ventilation

dx.doi.org/10.1016/j.enbuild.2014.10.054
http://www.sciencedirect.com/science/journal/03787788
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Nomenclature

Acronyms
ACH air changes per hour
COP coefficient of performance
DOAS dedicated outdoor air system
DOE Department of Energy
LLCS low-lift cooling system
MPC  model predictive control
TABS thermally activated building surfaces
VAV variable air volume
VRF variable refrigerant flow

Symbols
COP coefficient of performance
F penalty factor
OF objective function
P power (W)
Q heating or cooling rate (W)
T temperature (◦C)

Subscripts
c, in condenser inlet
cc, max cooling coil maximal
e, in evaporator inlet
fluid fluid (air or water)
hp heat pump
llim lower limit
o operative
penalty penalty
trans transport
ulim upper limit
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2. Model description
nd humidity are controlled by the DOAS, which can also deliver
 certain amount of sensible heating/cooling. The remaining sen-
ible loads are met  by a parallel system. The previous research
howed that the combined DOAS and parallel cooling system can
esult in 14–60% annual energy savings and 17–50% peak power
avings [6–12]. The reported savings were demonstrated using sim-
lations, as well as field projects, and were strongly dependent on
limate, building type, system type and simulation assumptions.
he most research was done for a typical office building, com-
aring the system with the radiant panels and DOAS against the
AV system. Although radiant systems have a good potential for a
ater-side economizer due to higher water supply temperatures,

his was considered only in two analyses found in the literature
13,14]. Comparing the radiant system with parallel DOAS against
he VAV system, Tian and Love [13] reported the largest savings
up to 60%) for dry climates (hot and cold). Humid climates had
ower savings due to the need for the continuous ventilation for
ehumidification purposes. Stetiu [6] also reported lower savings

n cold, moist climates with better potential for an VAV system
ir-side economizer.

The advantage of night precooling, with or without the use of
n advanced control, was also thoroughly reported, mainly for VAV
ystems. The results showed 5–50% reduction in the operating cost
nd 10–50% peak load reduction [15–24]. For an optimally con-
rolled building with a VAV system, factors identified as the driving
actors for a cost saving potential were the utility rates, building

ass, internal loads, equipment efficiency, and equipment part-

oad performance [25]. The highest savings were achieved for a
uilding with high utility incentives, low internal gains, and with
he equipment characterized by good part-load performance. No
dings 86 (2015) 640–650 641

real savings were achieved for a building with high internal loads,
regardless of the thermal mass.

The novel concept of combining radiant panels, thermal energy
storage, variable-drive and advanced control was  proposed by Jiang
et al. [26] and Armstrong et al. [27]. The reported annual cooling
energy savings of up to 75% were found compared to a baseline
ASHRAE 90.1-2004 VAV system [28]. The subsequent analysts con-
firmed the saving potential across 16 U.S. climates [29] and showed
that the LLCS can be a cost competitive technology when compared
to a conventional system. An estimated component incremental
cost for a large office building was  approximately 7.5 $/m2 (above
the new construction cost of 82 $/m2), while a medium office build-
ing even had a negative incremental cost of −6 $/m2, mainly due
to the large cost of a multi-zone rooftop system (used in a baseline
configuration) relative to a comparable sized chiller. The exper-
imental verification of the energy saving potential was  provided
by Gayeski et al. [30] for a typical summer week for Atlanta and
Phoenix. The tests were performed in the experimental room at
Massachusetts Institute of Technology, USA, equipped with the
low-lift and standard variable refrigerant flow (VRF) configura-
tions. Both the VRF system and low-lift configuration used the same
compressor-condenser unit. The results for a typical summer week
in Atlanta and Phoenix showed sensible cooling savings of 25% and
19% respectively, relative to the VRF system. The savings potential
of the proposed system could be improved even further by advance-
ments in the heat pump industry. A prototype of the chiller for
a small temperature lift was  recently developed by Wyssen et al.
[31]. The prototype included a specially sized expansion valve and
the use of a reciprocating compressor to avoid high internal pres-
sure ratios. It was suggested, based on the example of an office
building, that for the same operating conditions the new prototype
would result in an approximately 6 ◦C smaller lift, and therefore the
resulting COP would be 1.6 times higher than the existing chiller.

Although the previous study of the LLCS showed great energy
savings potential, the analysis by Jiang et al. [26] was done using a
relatively simple computational tool and some idealized assump-
tions, such as an ideal active thermal storage. Furthermore, the
same study showed that the potential customers were somewhat
discouraged by the use of active thermal storage, which in general
takes useful space and is perceived to be challenging to control. In
this paper the LLCS is compared to the VAV system using a more
detailed simulation tool for buildings with MPC  [32]. It allows for
the analysis of many factors that influence savings potential, such
as temperature limits, pipe spacing, and transport power. It is also
shown in this paper that the use of building mass can be a feasible
and efficient method of avoiding active thermal storage. Further-
more, humidity control with the DOAS is especially an important
issue for buildings with TABS due to possible condensations prob-
lems. Most of the work found in the literature is focused toward
analyzing the possible benefits of a typical constant-air-volume
DOAS with or without an enthalpy wheel [33–35]. Although Gat-
ley [36] proposed promising alternatives to the typical DOAS, the
analysis of several DOAS configurations was  performed here to
determine their feasibility for different scenarios with the use of the
LLCS. Finally, in addition to the comparison between the LLCS and
VAV system, the LLCS is also compared to the variable refrigerant
flow (VRF) system. VRF systems are recently becoming more popu-
lar, even for such large buildings as hotels, and are attractive since
they can provide both heating and cooling, and can save transport
energy compared to all-air systems.
The performance of the low-lift cooling system (LLCS) is com-
pared to the VAV and VRF system performance using the novel
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odeling environment. The modeling environment uses Matlab
nd TRNSYS, two commercially available computer programs. A
implified building model based on transfer functions is used dur-
ng the optimization to predict building responses, whereas a more
omplex building model is used after the optimization. The model-
ng environment is described in more detail in accompanied paper
32]. The LLCS performance analysis also considers several dehu-

idification configurations, assessing their energy use for different
limates. The analyses are done for a typical summer week (two
eekdays, weekend, three weekdays), and over the cooling season

rom May  1 until September 31. The typical weather conditions
cross 16 climates representative of the U.S. are simulated using
MY3 weather files.

Two control strategies used in the analyses are a conventional
ontrol and MPC. Under a conventional control, the system operates
uring the occupied hours, to maintain a given setpoint tempera-
ure. Under MPC, temperature limits are allowed to float between

 lower and upper limit during the occupied hours, and the cooling
ates are optimized for the lowest energy consumption, allowing
or night precooling. The optimization variable for cooling with
ABS is a chiller cooling rate, and the optimization variable for the
AV system and VRF system is a sensible cooling rate imposed on

he room. The objective function is defined as a sum of the cool-
ng power (Php), transport power required to deliver air/water to
ach zone (Ptrans) and the temperature penalty related to thermal
omfort (Tpenalty). For each day the MATLAB function optimizes 24-
-ahead cooling rates using the objective function:

F =
24∑

t=1

(Php + Ptrans + Tpenalty) (1)

here

hp = Qcc COP(Q/Qmax, Tfluid,e,in, Tfluid,c,in) (2)

f To < Tllim

penalty = Fpenalty(Tllim − To)2 (3)

f To > Tulim

penalty = Fpenalty(To − Tulim)2 (4)

The temperature penalty ensures that the controlled variable,
he operative temperature in this case, is inside the desired com-
ort range. More details on the optimization and an appropriate
enalty factor can be found in [32]. Both the planning horizon (the
ime interval over which the objective function is evaluated) and
he execution horizon (the time interval over which the control
trategy is applied) are 24 h since one has a perfect knowledge of
eather conditions and loads in simulations. This results in 24-

ariable optimization, one cooling rate for each hour of a day. To
alculate the energy required for conditioning of the air/water to
he supply conditions, the optimization algorithm uses curve fits to
he heat pump static optimization data, as explained in [32].

.1. Building model

The analysis is performed on the model of the experimental
oom located at Massachusetts Institute of Technology (MIT), USA,
epresenting a typical office space. The room was  chosen because
he experimental measurements for a typical summer week in
tlanta [37] were available to validate the model. The room is
ivided into the climate room and test room, both adjacent to the

arger laboratory room. The walls are made of two 16 mm gypsum

ayers, with 110 mm of a polyisocyanurate foam placed in between.
here are three double-pane windows between the test room and
he climate room. The test room floor has PEX pipes embedded into
he commercially available subfloor system and is covered with
dings 86 (2015) 640–650

three layers of concrete pavers. Details on the room construction
are given in [32]. The test room has floor pipes that can be used for
hydronic sensible cooling or heating, and has an additional indoor
unit (VRF system) for direct heating, cooling and dehumidification.
Although the experimental measurements were performed with
the pipe spacing of 0.3 m,  the spacing for the analysis here was
reduced to 0.15 m,  as more appropriate for the cooling mode. The
room is also equipped with lights and heat sources that can simu-
late internal convective and radiative heat gains for a typical office
building, while the solar gains are neglected.

In the comparison of the LLCS and VAV system, the peak sen-
sible internal load for the 19 m2 room is 680 W (2 people each
releasing 80 W,  220 W for lights and 300 W for the equipment), or
approximately 36 W/m2. The occupied hours are from 8 to 18 h,
with 66% of the maximum internal loads from 8 to 9 h, 100% from
9 to 17 h, and 66% from 17 to 18 h. The internal gains are modeled
as 50% convective and 50% radiative. Although not included in this
work, solar gains would be an additional heat gain to the zone.
However, office buildings, which are the best first candidates for
LLCS implementation according to the PNNL study, are internally
dominated buildings due to a small ratio of external surface to
building volume. Hence, it is not anticipated that including solar
gains would substantially change findings of this analysis, espe-
cially for core building zones. The only sources of latent gains
during the occupied hours are loads from people of 0.144 kg/h (2
people each releasing 0.072 kg/h or 50 W).  Latent loads caused by
infiltration are neglected during the occupied hours since most
commercial buildings are slightly pressurized to avoid infiltration.
During unoccupied hours, the analysis accounts for latent loads by
infiltration. According to the U.S. National Institute of Standards
and Technology data base [38], the average measured airtightness
of 228 commercial building (normalized by the above-grade sur-
face area of the building envelope) is 24.8 m3/h/m2 at 75 Pa. The
value recommended by ASHRAE Standard 189.1 for the Design of
High-Performance Green Buildings, ASHRAE Standard 90.1-2013
Energy Standard for Buildings Except Low-Rise Residential Build-
ings and also by 2012 International Energy Conservation Code is
7.2 m3/h/m2 at 75 Pa. When converted to a more typical pres-
sure difference under ambient conditions (4 Pa), and expressed in
ACH (based on the geometry for a medium-size office from DOE
benchmark buildings), the average measured airtightness and rec-
ommended value are 0.37 ACH and 0.11 ACH respectively. The
value used in this analysis is 0.2 ACH, between the measured and
recommended value. The ventilation rate for both the VAV and
LLCS system are 0.01 kg/s/person (8.5 l/s/person), according to ven-
tilation requirements from ASHRAE Standard 62.1-2007 for office
buildings.

In the comparison between the LLCS and VRF system, the
simulation parameters were set to replicate the experimental mea-
surements by Gayeski et al. [30]. The simulations for the Atlanta
climate assume standard office internal loads of 36 W/m2, and for
the Phoenix climate reduced loads of 22 W/m2, representative of a
high-performance building. The ventilation and dehumidification
systems are not included in this analysis. It is assumed that both
the LLCS and VRF system would have an additional system for ven-
tilation and dehumidification, and would require similar additional
power for conditioning and transport of the outdoor air. Therefore,
it is expected that this additional system would not have a major
impact on the findings presented here.

2.2. VAV system
The VAV system delivers air at the constant supply temperature
of 12.5 ◦C (saturated air), and with airflows sufficient to remove
zone sensible loads. When the outside temperature is higher than
the zone’s temperature, the minimum amount of fresh air for
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reathing is mixed with the recirculation air. When the outside
emperature drops below the zone’s temperature, the VAV system
uns in an economizer mode, with 100% outside air.

The VAV system uses the air-to-air heat pump performance
ap, with the evaporator operated in a wet-coil mode, providing

ooling and dehumidification. Based on outdoor and supply air con-
itions, the heat pump model calculates the ratio between latent
nd sensible cooling on the evaporator, using a wet-coil model
eveloped from first principles according to [39]. The evaporator
irflow is dependent on the zone’s sensible loads that needs to be
emoved, and the condenser airflow is optimized. The VAV heat
ump is sized for each climate based on the cooling coil peak loads.

.3. VRF system

The VRF system provides direct cooling to the zone, with an
ndoor unit placed in the zone, and the condenser cooled by outside
ir. Although the VRF system can also provide dehumidification, the
ehumidification was not included in the comparison of the LLCS
nd VRF system.

The VRF system uses the air-to-air heat pump performance map,
ith the evaporator operated in a dry-coil mode, providing only

ensible cooling. A heat pump is operated at the constant evap-
rator airflow and optimized condenser airflows. If the outside
emperature is lower than the air temperature, the heat pump can
lso operate in the refrigerant-side economizer mode [27]. The heat
ump capacity is 3 kW,  same as in the experimental measurements
y Gayeski [37].
.4. LLCS system

The LLCS consists of thermally activated building surfaces
TABS), a water-to-air heat pump with variable-speed drive for the
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Fig. 1. DOAS confi
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compressor, and fans, and a dedicated outside air system (DOAS) for
ventilation and dehumidification. The pipe spacing is 15 cm,  except
in the comparison of simulation and experimental measurement
results (analysis of the LLCS and VRF system), where the pipe spac-
ing is set to 30 cm.  Sensible cooling through the TABS is controlled
by varying the water supply temperature and pump operation
(on/off mode), with the water mass flow rate being constant.

Water for the TABS is cooled by the water-to-air heat pump that
operates at a constant evaporator water flow rate and optimized
outside condenser airflow rate. If the outside temperature is lower
than the water temperature, the heat pump can also operate in
refrigerant-side economizer mode. When comparing the VAV and
LLCS system, the LLCS heat pump is of the same capacity as the VAV
heat pump, but is on average operating at lower part-load ratios
than the VAV heat pump, increasing the average COP. The lower
part-load ratios are the result of shifting cooling loads toward the
night time, and providing a certain amount of sensible, and a total
amount of latent cooling through the parallel system, DOAS.

2.4.1. DOAS
The DOAS assumed in this work is a variable-volume system

controlled based on a room humidity and occupancy sensors. The
air is supplied to the room at the constant absolute humidity
of 9 g/kg (which corresponds to the saturation temperature of
12.5 ◦C), the same as the supply state for the VAV system. These
conditions are chosen based on the two following criteria. First,
assuming the zone’s humidity setpoint of 11 g/kg, a minimum
required amount of fresh air 0.01 kg/s/person, and latent loads of
0.072 kg/h/person, the supply air humidity of 9 g/kg is sufficient for

the removal of latent loads using the minimum amount of fresh
air required for breathing. Second, the lowest allowed air supply
temperature is usually 13 ◦C for comfort criteria and, therefore, the
supply temperature in this work is chosen to prevent the need for
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eheat. One can argue that the lower dew-point temperature would
esult in reduced airflows required for dehumidification, and there-
ore a reduced fan power. However, it would also result in lower
eat pump efficiency due to lower evaporating temperature and
he need for reheat energy. To prevent possible condensation on
he cold TABS, the DOAS is also operated during the night, deliver-
ng airflow rates necessary to remove infiltration latent loads and

aintain the desired humidity. The DOAS does not operate during
eekends.

Five dehumidification strategies shown in Fig. 1 were con-
idered. All strategies utilize the enthalpy recovery wheel, as an
fficient way to recover sensible and latent heat from the return
ir. Although wheel efficiency will depend on its size relative to the
irflow, performance characteristic, and the rotational speed, it is
ssumed that the total sensible and latent heat recovery efficiency
s 0.8. Furthermore, it is assumed that the wheel operates only if the
utside air enthalpy is higher than the return air enthalpy. System A
s a typical DOAS found in a majority of analyses of a combined radi-
nt system and DOAS. The system consists of an enthalpy recovery
heel and a cooling coil, with heat rejected to the outside air. Sys-

em B has a similar configuration, but with heat transferred to the
upply air stream. This configuration could possibly improve the
eat pump COP due to lower condenser air temperatures. Although
his adds sensible loads to TABS system, it was expected that the
adiant system can remove those loads more efficiently during the

ight precooling. However, this system was found unfeasible for
he practical implementation. Although the condenser air tempera-
ures were lower than in the basic DOAS, the condensing refrigerant
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ig. 2. (a) Heat pump optimization results and (b) third-order polynomial fit (red)
o  optimization results (black) for supply temperature increase for DOAS system C
shown for evaporator airflow rate Ve = 0.075 m3). Temperature increase is a func-
ion of condenser inlet air temperature Tc,air,in and evaporator airflow rate Ve. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)
dings 86 (2015) 640–650

temperatures were still relatively high due to limited condenser air-
flows. Additional simulations were performed to analyze whether
the performance of system B can be improved by increasing the
condenser area. However, even with three-times-larger condenser
depth, there was little or no improvement in the COP  due to limited
condenser airflows. Moreover, for high loads on the cooling coil, it
was not always possible to reject all the heat on the condenser. After
experiencing practical difficulties with system B, two variations of
system B were considered, both with two  parallel condensers. The
first condenser is placed in the supply stream, and the second is
placed in the exhaust stream after the enthalpy wheel (system C), or
outside (system D). Although system D will on average have higher
condenser inlet air temperatures than for system C, it will also allow
for higher, optimized condenser airflow rates. System E is a varia-
tion of system A, with a run-around heat pipe used to precool the
air before entering the evaporator. This can, again, have positive
implications for the COP due to lower evaporator inlet air temper-
atures. It is assumed that the heat pipe has a constant efficiency of
0.5 [40].

The DOAS heat pump capacity is sized based on the peak latent
loads and ventilation needs, and is equal for all climates. System A
uses the similar performance map  as the VAV system, assuming the
supply temperature of 12.5 ◦C. In systems C and D, one condenser
is placed in the supply air stream, resulting in supply tempera-
tures higher than the supply temperature of 12.5 ◦C. Therefore, the
supply air temperature increase across the condenser (shown for
system C in Fig. 2a) is calculated based on the amount of rejected
heat on the first condenser. After the air temperature increase is
found, polynomials of the third order are fitted to the temperature
increase curves, with fitted values being a function of the part-load
ratio Q/Qmax, evaporator airflow rate Ve, and condenser inlet air
temperature Tc,air,in. Fig. 2b shows fitted values (red) to the results
of the static optimization (black) for a specific evaporator airflow
rate. The air temperature increase for both systems C and D, as well
as more detailed description of the overall model and simulation
assumptions can be found in [41].

3. Results

The first analysis compares the LLCS with different dehumidifi-
cation configurations against a conventional VAV system (marked
in figures as 1). The conventional VAV system was operated only
during the occupied hours to maintain the operative temperature
at 22.5 ◦C. The LLCS employed MPC  to optimize cooling rates over
the 24-h planning horizon for the lowest electricity consumption.
It allowed precooling the building during night in order to maintain
the operative temperature between 20 and 25 ◦C during the occu-
pied hours. The temperature limits were set according to ASHRAE
Standard 55-2013. The analyzed DOAS configurations were: config-
uration A with the condenser cooled with the outside air (referred
in text as LLCS 2, and marked in figures as 2); configuration C with
parallel condensers, one cooled with the supply, and the other with
the return air (LLCS 3); configuration D with parallel condensers,
one cooled with the supply, and the other with the outside air
(LLCS 4); and configuration E with the run-around heat pipe and
the condenser cooled with the outside air (LLCS 5). Configuration
B has not been analyzed due to the practical issues mentioned
earlier.

The second analysis compares the LLCS against the VRF system
for a typical summer week under the Atlanta and Phoenix cli-
mates. The LLCS room temperature limits were 19–25 ◦C during the

occupied hours, while the VRF system was  controlled to maintain
constant 22 ◦C during the occupied hours. A somewhat wider tem-
perature range than recommended by ASHRAE comfort standard
was used here to analyze the influence of temperature limits on
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avings, and also to replicate the experimental measurements by
ayeski et al. [30].

.1. Comparison of VAV system and LLCS for sensible cooling and
ehumidification

The main difference between cooling with the VAV system and
LCS is shown in the example of a typical summer week in Phoenix.
he VAV system cooled only during occupied hours (Fig. 3, top
raph), maintaining the steady operative temperature of 22.5 ◦C
Fig. 4, top graph). The LLCS made advantage of lower night tem-
eratures by precooling the building over night (Fig. 3, bottom
raph), which caused the operative temperature to slowly rise from
ower morning temperature to higher temperatures in the after-
oon (Fig. 4, bottom graph).
The cooling energy (Fig. 5), electricity consumption (Fig. 6) and
otal electricity savings (Fig. 7) are shown for a typical summer
eek across all climates. The total LLCS cooling energy (bars marked

s 2–5 in Fig. 5) was lower relative to the VAV system (bar marked
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ig. 4. Operative temperatures (red) and temperature limits (black) for a typical summer
raph  for LLCS with DOAS configuration A (LLCS 2). (For interpretation of the references to
erpretation of the references to color in this figure legend, the reader is referred to

as 1) for mild climates (Fairbanks, Los Angeles, San Francisco and
Seattle). This was expected since the LLCS had a wider temper-
ature range than the VAV, allowing temperatures to float up to
25 ◦C during the occupied hours. For the climates with high cool-
ing needs, the total cooling energy consumption was higher than
the VAV system due to losses inherent to thermal storage. How-
ever, despite using more cooling energy than the VAV system, the
LLCS had 15–53% lower total electricity consumption across all cli-
mates (Fig. 7). Additionally, the LLCS achieved 30–74% reduction
in electricity peak loads relative to the VAV system under the con-
ventional control. Although the absolute electricity consumption
was very different across climates (Fig. 6), the LLCS savings rela-
tive to the VAV system did not show high variability (Fig. 7). Those
savings were achieved through lower transport energy (Fig. 6, pink
bars) and better utilization of part-load efficiencies. Hence, the siz-

ing of the heat pump for each climate and similar percent savings
in transport power for the LLCS relative to the VAV system resulted
in similar total percent savings. Additionally, significant amount of
energy was  used by the DOAS system (Fig. 6, gray bars), and since
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 week in Phoenix. Top graph is for VAV system with conventional control; bottom
 color in this figure legend, the reader is referred to the web version of the article.)
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he evaporating temperature was fairly constant and low, the inter-
al lift difference for DOAS was similar over a range of climates. The
lectricity savings are defined as:

avings = (EVAV − ELLCS)
EVAV

× 100 (5)

The intent for the LLCS 3 and LLCS 4 was to improve the DOAS
eat pump performance by placing one condenser in the supply
tream and cooling it with a cold air exiting the evaporator at
2.5 ◦C. However, the DOAS in the LLCS 2 delivered a certain amount
f sensible cooling to the zone (negative green bars), while in the
LCS 3 and LLCS 4, the DOAS caused sensible heating (positive green
ars) and the need for an additional sensible cooling thought TABS
Fig. 5, blue bars). The load shifting through the use of TABS gen-
rally has a positive impact on the energy consumption. In this
ase, however, the DOAS still used electricity to cool/dehumidify
he fresh air, and to transport it to the zone. Consequently, although
he LLCS 3 and LLCS 4 reduced the electricity consumption for the
OAS heat pump (gray bars in Fig. 6), the electricity for TABS cooling

black bars) and for the transport (pink bars) increased. For exam-
le, in the Phoenix climate DOAS heat pump electricity was  reduced
y 46% for the LLCS 3. However, TABS cooling energy increased
pproximately 48%, and the electricity for the TABS heat pump
ncreased 80% due to higher part-load ratios and more cooling dur-
ng warm hours. The total transport energy also increased by 15%
ue to more pump-on hours. The LLCS 5 with the run-around heat
ipe also reduced the amount of sensible cooling delivered by the
OAS, although not as much as the LLCS 3 and LLCS 4. The electricity

or the DOAS heat pump was again reduced due to lower sensible
oads on the cooling coil. However, the total electricity consump-
ion was still somewhat higher than for the LLCS 2 due to additional
ooling and transport energy used for cooling through TABS.

.1.1. Effect of allowable room temperature excursions and
recooling

The following analysis investigates the impact of wider temper-
ture limits and the use of MPC  for the VAV system, allowing the
perative temperature to float between 20 and 25 ◦C instead of con-
tant 22.5 ◦C. Furthermore, it also investigates the impact of MPC
nd precooling for both the VAV and LLCS.

The VAV and LLCS cooling rates were optimized using MPC  for
4-h operation and daytime-only (during the occupied hours) oper-
tion. The results suggest that the VAV system precooling does
ot have a significant impact on the total electricity consumption,
ith in increase in savings less than 3%. The VAV system with pre-

ooling shifted a certain amount of cooling toward early morning
ours, but the impact was marginal because the VAV system can-
ot engage the building mass storage potential as effectively as the
LCS. Furthermore, the system was maintaining a relatively con-
tant temperature of 25 ◦C through the day, despite being allowed

 wide temperature range. The impact of precooling for the LLCS
as notably more pronounced, especially for hot climates such as

as Vegas (15% difference) and Phoenix (11% difference). Precool-
ng with the LLCS resulted in a steady temperature increase from
0 to 25 ◦C during the occupied hours, and consequently a lower
verage daily temperature compared to the VAV system.

Comparing the electricity consumption of the LLCS with pre-
ooling relative to the VAV system with precooling, the savings
anged from −11% (VAV used less electricity) for Los Angeles and
eattle to 29% (LLCS used less electricity) for Phoenix. The total
ooling energy for the LLCS was higher than the VAV system
ue to losses associated with passive thermal storage. However,

or most climates higher heat pump efficiency and lower trans-
ort power for the LLCS resulted in lower electricity consumption
ompared to the VAV system. The only climates where the VAV sys-
em performed better than the LLCS were Fairbanks, Los Angeles,
dings 86 (2015) 640–650 647

Seattle and San Francisco, mild climes with the lowest cooling
energy needs. The LLCS also had 10–40% lower electricity peak loads
relative to the VAV system under the MPC, except in Los Angeles and
San Francisco where the peak was  up to 10% higher. Between a hot,
humid climate such Miami  and a hot, dry climate such as Phoenix, a
humid climate showed notably less savings since more energy was
required for dehumidification. In humid climates, the DOAS needs
to deliver more air during night to remove latent loads caused by
infiltration, resulting in higher transport and cooling energy. Nev-
ertheless, comparing the LLCS and VAV system performance for
Miami, the zone’s humidity oscillations were lower for the LLCS
due to a decoupling of the humidity and temperature control.

Finally, the electricity consumption of the VAV system with MPC
was compared to the conventional VAV system that operated only
during the occupied hours maintaining the constant temperature
of 22.5 ◦C. As expected, allowing larger temperature range resulted
in significant savings of 30–50%, primarily caused by the increase
in the operative temperature, and only marginally by precooling.

To estimate how the LLCS would perform relative to the VAV
system over the whole spring and summer season, a 22-week
period (from May  1 until September 30) was  simulated for five
climates with large cooling energy needs (Chicago, Houston, Las
Vegas, Miami, and Phoenix). Results for the VAV system with and
without precooling, and for the LLCS with and without precool-
ing confirmed that the precooling has a significantly higher impact
for the LLCS. The LLCS also performed better than the VAV system,
with electricity savings 15–24% relative to the VAV system with
precooling, and 44–50% relative to the conventional VAV system.

3.1.2. Effect of internal loads
Analyzing the cost savings potential of the VAV system under

MPC, Henze et al. [25] noted that no real savings were achieved for
a building with high internal loads. To test these findings for the
LLCS and electricity consumption savings rather than cost savings,
different magnitudes of internal loads were imposed, ranging from
20 W/m2 to 60 W/m2. The simulation results showed that the LLCS
savings decreased significantly for the highest internal loads. For
example, in the comparison between the LLCS and conventionally
controlled VAV in Phoenix, the electricity savings decreed from 51%
to 44%, when internal loads increased from 20 to 60 W/m2. How-
ever, the significance of precooling for the LLCS increased with the
increase of internal loads. For low internal loads, a large portion of
sensible cooling was  still provided through the DOAS. As the loads
increased, the TABS cooling became predominant, with a greater
opportunity for load shifting. For the same example of Phoenix, the
LLCS with precooling had 7% savings relative to the LLCS without
precooling when loads were 20 W/m2, and 17% when loads were
60 W/m2.

3.1.3. Effect of high latent loads
In case of high latent loads in the room, the DOAS airflow rates

required for dehumidification might be sufficiently high to remove
all sensible loads as well. The total energy consumption of the DOAS
will in that case be higher than the VAV system since the DOAS
operates with 100% outside air, while the VAV system mixes fresh
and return air. This limiting case was  identified for five climates
by finding the latent loads for which all latent and sensible cool-
ing is done by the DOAS. The limiting case is presented in Table 1
(assuming standard sensible internal loads of 36 W/m2) in terms of
the maximum latent loads in kgwater/h, equivalent ACH of infiltra-
tion, and equivalent number of people. For example, in the Chicago
climate the latent load at which all latent and sensible loads would

be removed solely by the DOAS was 0.4 kgwater/h. That latent load
is equivalent to having 1 ACH infiltration rate based on the out-
side humidity for Chicago, or having 6 people in the room. (In
Las Vegas climate, the equivalent ACH is infinite since the outside



648 T. Zakula et al. / Energy and Buil

Table 1
Latent loads for limiting case when all latent and sensible cooling are provided by
DOAS.

kgwater/h ACHinfiltration No. of people

Chicago 0.4 1.0 6
Houston 0.5 1.5 7
Las  Vegas 0.9 ∞ 12
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system temperature of 22 ◦C (fifth row), the LLCS saving poten-
tial decreased from 36% (fifth row, second column) to 11.6% (fifth
row, third column) when the allowed LLCS temperature range was
reduced from 19–25 ◦C to 19–23 ◦C.

Table 2
Electricity consumption savings of LLCS relative to VRF system as a function of VRF
setpoints.

Electricity savings for Phoenix (%)

VRF LLCS

19–25 ◦C 19–23 ◦C
Miami  0.5 1.5 7
Phoenix 1.0 4.5 14

umidity is lower that the zone set point humidity). For compar-
son, Emmerich and Persily [38] recorded the average measured
irtightness of 228 buildings commercial building of 0.37 ACH at

 Pa, and the recommended value by ASHRAE Standard 189.1 for
he Design of High-Performance Green Buildings is 0.11 ACH at

 Pa. This demonstrates that the limiting case would be difficult
o achieve in a typical commercial building with a typical occupant
ensity and typical leakiness.

.1.4. Effect of transport power
It was observed by Krarti and Henze [42] that the fan energy

an have a significant influence on the predictive controller deci-
ions and, therefore, should not be neglected. This assumption was
ested by excluding the transport power from the objective func-
ion. The optimal cooling rates for both the VAV system and LLCS
ere found only by minimizing the energy for cooling, after which

he transport energy was added to the total cost function. Results
onfirmed the findings by Krarti and Henze [42] that excluding the
ransport power from the objective function can indeed have a sig-
ificant impact on the predictive controlled decisions. When the
ransport power was not included in the objective function, the
ooling rates for both the VAV system and the LLCS were more
pread out during the day, taking the advantage of lower part-load
atios and lower air temperatures. This resulted in lower electricity
or cooling, but also in higher transport energy consumption due
o a larger number of fans/pump operating hours. The increase in
he total electricity consumption for the VAV system ranged from
ess than 1% (Houston, Las Vegas and Miami, Minneapolis, Phoenix)
o 150% for Helena. Similar trends were observed for the LLCS, but
ith differences being notably smaller (from less than 1% for Hous-

on, Las Vegas and Miami, Minneapolis, Phoenix to 30% for Seattle.
his was expected since the LLCS transport energy accounts for a
maller portion of the total energy.

.1.5. Effect of return air flow
The return air flow in the DOAS and VAV system will be some-

hat lower than the supply air flow due to building pressurization.
umma  [35] showed that for an office building with a leakage

ate of 5 m3/(hm2) at 50 Pa, and with ASHRAE Standard 62.1 ven-
ilation requirements, the ratio of the pressurization flow to the
otal ventilation flow rate should be around 0.7 to achieve ade-
uate pressurization. Mumma  [35] also noted that the recovery
heel needs to work with balanced air flows, meaning that its

fficiency will decrease depending on a return air flow reduction.
o assess the impact of the reduced return airflow, the DOAS is
ested for 50% of the return airflow relative to the supply. The
esults suggested that the LLCS with 50% return flow would con-
ume between 5% (Chicago) and 11% (Phoenix) more electricity
elative to the LLCS with 100% return flow. However, compared
ith the VAV system with precooling and to the conventional VAV

ystem, the savings would still range from 12 to 20% and 42 to 47%

espectively. For comparison, the LLCS with 100% return air showed
avings of 15–24% and 44–50% relative to the VAV system and the
onventional VAV system respectively.
dings 86 (2015) 640–650

3.2. Comparison of VRF system and LLCS for sensible cooling only

To compare LLCS savings relative to the VRF system achieved
by experimental measurements and simulations, the pipe spacing
here was increased to 30 cm (same as in experimental measure-
ments). While the experimental measurements showed 25% and
19% savings for Atlanta and Phoenix respectively, the simulation
results showed LLCS electricity savings of 8.9% and 9.7%. Although
it is interesting that simulations showed lower savings than the
measurements, this is caused by inevitable differences in model-
ing, especially in modeling the heat pump performance. The heat
pumps used in the simulations were carefully optimized; hence,
although trying to match the heat pump operation used in the
experiment, the simulated heat pumps operated more efficiently
than under experimental conditions. Furthermore, savings predic-
tions are also highly sensitive to temperature setpoints, hence the
small differences in temperature profiles between simulation and
measurements can be an additional cause of differences in savings.

3.2.1. Effect of pipe spacing
To test the sensitivity of predicted savings on the pipe spacing, a

new TABS system was simulated with the reduced pipe spacing of
15 cm,  which is more common for cooling with TABS. This reduction
improved the total effectiveness of TABS heat transfer, resulting in
higher TABS water temperatures and significantly larger electricity
savings, 24.9% and 25.3% for Atlanta and Phoenix respectively.

3.2.2. Effect of heat pump optimization and sizing
The VRF system (air-to-air heat pump) used in the experimen-

tal measurements operated with optimized condenser airflows and
constant evaporator airflow. To analyze the effect of the heat pump
optimization, the air-to-air heat pump with optimized evapora-
tor and condenser airflows was implemented for the VRF system.
Furthermore, the heat pump of 3 kW used for the experimental
measurements was greatly over-sized for the magnitude of the
imposed sensible gains. The peak cooling loads rarely exceed 1 kW,
even for the VRF system operated under the conventional control
for hot summer days in Phoenix. This caused both systems to run at
atypically low part-load ratios, especially pronounced for the con-
ventional VRF system. More appropriate sizing of the heat pump
was done by reducing its capacity from 3 kW to 1.5 kW.  After the
heat pump performance for the VRF system was optimized, and the
heat pumps for both systems were appropriately sized to 1.5 kW
maximum capacity, the LLCS (with 15 cm pitch) electricity savings
increased even further to 33.4% and 36% for Atlanta and Phoenix
respectively.

3.2.3. Effect of allowable room temperature excursions and
precooling

The results suggest that savings are highly sensitive to temper-
ature limits, as shown in Table 2. For example, for the same VRF
21 ◦C 44.4 23.2
22 ◦C 36.0 11.6
23 ◦C 25.4 −3.1
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To investigate the impact of precooling, the VRF system was
llowed to float between the same temperature limits as the LLCS
19–25 ◦C), and cooling rates were optimized using MPC  over the
4-h planning horizon. The load shift for the VRF system was some-
hat more pronounced than for the VAV system, but still not as
ronounced as for the LLCS. As found for the VAV system, the VRF
ystem was maintaining a relatively constant temperature of 25 ◦C
hrough the day, despite being allowed a wide temperature range
f 19–25 ◦C. The load shift for the VRF system resulted in an unde-
irable increase of the total cooling energy; however, even with
his load increase, the VRF system under MPC  was able to signif-
cantly reduce the electricity consumption relative to the system
nder the conventional control, performing even better than the
LCS (with 15 cm pitch). Compared to the LLCS, the VRF system con-
umed 18.5% less electricity in Atlanta and 10.6% less in Phoenix;
owever, with the higher average operative temperature than the
LCS.

. Conclusion

The presented research analyzed the performance of the novel
nergy efficient cooling system, termed the low-lift cooling sys-
em (LLCS), that comprises thermally activated building surfaces
TABS) and model predictive control (MPC). Five different DOAS
onfigurations were considered for dehumidification and ventila-
ion purposes. The analysis was done for a typical office, across 16
.S. climates for a typical summer week and also for a 22-week

pring and summer period. LLCS electricity savings were up to 24%
elative to the VAV system under the MPC, and up to 50% relative to
he conventional VAV system. The savings were achieved through

 lower transport energy and a higher average COP, the result of
igher evaporating temperatures, lower condensing temperatures,
nd lower part-load ratios. Furthermore, the LLCS achieved up to
9% reduction in electricity peak loads relative to the VAV system
nder the MPC, and up to 74% reduction relative to the VAV sys-
em under the conventional control. The result also suggests that
he DOAS air reheat can significantly increase the energy consump-
ion, and that the LLCS system can benefit from the DOAS delivering

 certain amount of sensible cooling.
The LLCS was also compared against the VRF system for sensible

ooling only. The LLCS showed savings of 33% for Atlanta and 36%
or Phoenix for a typical summer week. When the same temper-
ture limits and precooling were allowed for the VRF system, the
RF system showed better performance, with 19% lower electricity
onsumption for Atlanta and 11% for Phoenix relative to the LLCS.
lthough these results imply that the VRF system controlled by
PC and with wider temperature limits could be equally, or even
ore promising as the LLCS, there are additional practical consid-

rations to take into account. For example, TABS can provide more
niformed cooling since the whole surface acts as a heat exchanger
rea. Also, the LLCS can reduce the cost of electricity if utility rates
avor night operation since the load shifting is much more effective
han with the VRF system. On the other hand, the VRF system might
e a better solution for retrofits since it does not require a special
oor assembly with embedded pipes.

The sensitivity analysis showed that the LLCS savings are highly
ensitive to internal loads, spacing between the pipes, heat pump
izing and temperature set points. Moreover, this work aspired to
dentify separate benefits of MPC  and precooling from the use of
ABS. The results showed that precooling did not have a notable
ffect on the VAV system electricity consumption, and had a some-

hat more pronounced effect for the VRF system. It did, however,
ave a notable effect for the LLCS, especially for high internal loads,
ith differences in the electricity consumption up to 20%. The

nalysis also showed that excluding the transport power from the

[

dings 86 (2015) 640–650 649

optimization function can significantly influence the decisions of
MPC, and also notably increase the total electricity consumption
with all-air systems seeing the largest increase.

Future work will extend the analysis presented here by explor-
ing complementary technologies to the LLCS, such as ground source
heat pumps and cooling towers, which could improve the perfor-
mance of the LLCS system even further by lowering the condensing
temperatures. Furthermore, another topic that will be explored is
the use of a building with TABS for ancillary services to electricity
grid operators. It is expected that, compared to buildings with the
VAV system or VRF system, buildings with the TABS could provide
ancillary services for longer period due to their larger time con-
stant. Finally, the LLCS will be tested in a real building to confirm
the findings of this and previous LLCS studies, and to evaluate an
impact of weather and load uncertainties on energy savings.
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