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ABSTRACT

This work is carried out in the frame of the IEA-ECBCS (Inteomal Energy Agency —
Energy Conservation in Buildings and Community Systems) Annex48: “Piaiping and
Reversible Air Conditioning”. The aim of this work is to study the filgy of integration of

a reversible heat pumping system into the existing HVAC sysfeart‘commercial” building
(which includes laboratories).

A pre-audit of the actual HVAC installation is carried out andgméed. Numerical models of
the building and of the coupled HVAC installation are developed and imptethen EES
(Engineering Equation Solver, ©F-Chart Software) to run yearly simonls. The main
retrofit opportunity is the use of reversible heat pumping, with tiraeed air as heat source,
to heat the building. Other retrofit possibilities, as “change oteafinique or cool thermal
energy storage, are also modelled, simulated and analysed. The eewtanrand
economical aspects of each retrofit opportunity are approached.

The reversible heat pumping coupled with a change over technique iallyealele to satisfy
the heating demand of the building. However some interventions of tiengxsatural gas
condensing boilers, as back boosting devices, are sometimes neckssagywinter. The
economical and environmental studies reveal a quite short paybaclarisina significant
reduction of CO2 emissions. The advantages of the cool thermal sswhgen are not
obvious and have not been highlighted in the present case.



RESUME

Ce travail est réalisé dans le cadre du projet IEA-ECB@G®r(ational Energy Agency —
Energy Conservation in Buildings and Community Systems) Annex48 : «Rdeaping and

Reversible Air Conditioning ». Le but de ce travail est I'étudeadgeoissibilité d’intégration

d'un systeme de pompe a chaleur réversible dans I'actuelle atistalde conditionnement
d’air d'un batiment commercial comprenant des laboratoires.

Un pre-audit de I'actuelle installation est réalisé et préséttisieurs modéles numériques du
batiment et de l'installation HVAC sont développés et compilés ayemdu programme
EES (Engineering Equation Solver, ©F-Chart Software) en vue deseealhe simulation
annuelle. La principale possibilité de modification de l'installatatuelle est I'utilisation
d'un systeme de pompe a chaleur réversible, utilisant l'airiextsenme source de chaleur,
pour répondre a la demande de chaud du batiment. D’autres opportunités, aditisa¢idn
d'une technique de «change over» ou d'un systeme de stockage de froidusint a
modélisées, simulées et analysées. Les aspects environnementaognemiques sont
€galement abordés.

L'utilisation d’'un systeme de pompe a chaleur, couplé a une techniquehdmge over »,
est, en général, capable de satisfaire la demande de chaud dunbafimetefois,
l'intervention des chaudiéres au gaz naturel, comme dispositif defatpaiduxiliaire, est
parfois nécessaire pendant la période hivernale. Les études éconashigogsonnementales
donnent un temps de retour sur investissement relativement court etéduetion
significative des émissions de CO2. Les avantages du systésteciage de froid ne sont
pas évidents et n’ont pas pu étre mis en avant dans le cas présent.
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INTRODUCTION

In 2006, the IEA ECBCS executive committee decided to launch theythaeevork phase of
the Annex48 on “Heat Pumping and Reversible Air Conditioning”. This wonkade in the
frame of this project and concerns the first Belgian case study.

Substituting a heat pump to a boiler may save more than 50% of pemanyy, if electricity
is produced by a modern gas-steam power plant (even more if a phet dlectricity is
produced from a renewable source). “Heat pumping” is probably today dhe glickest
and safest solutions to save energy and to reduce CO2 emissions

Most of air-conditioned commercial buildings offer attractive retrofit opporas)ibecause:
1) When a chiller is used, the condenser heat can cover (at Ipast @) the heating
demand (condenser heat recovery method);
2) When a chiller is not (fully) used for cooling, it can be (asigartially) re-converted
into heat pump (reversible heat pumping method).

Nowadays, the retrofit work of an existing building should take all ipdities of heat
pumping into consideration, in such a way to make air conditioning asrsielg as
possible.

In the present work, a detailed study of the first Belgian cas#y 9s realized. First, a
description of the building and a pre-audit of the HVAC installatigorésented. This phase
is useful to determine the main retrofit and improvement opportunities.

The second part of the report concerns the modelling phase of the weekalSeumerical
models are developed and implemented on EES (Engineering Equation SolNechart
Software). First, the building is divided in zones and each zone is lesbdising a dynamic
mono-zone building model. This first model is coupled to a complete HsA&&m model,
based on independent reference and simplified models.

The third part of this report presents the first results obtaihadks to the simulations of the
actual installation, with previously presented models. The computed valtiethe
consumptions are compared with the measured consumptions.

The fourth part concerns the explanation of the main retrofit opportunitigich are
envisaged. Practical information and models are be presented in this chapter.

In the fifth part, the results related to the studied retrofit oppdres are shown, detailed and
compared. Economical and environmental evaluations of these possible im@ntsem
presented.
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Part | — Description & Pre-audit of the existing system

[.1. Building

[.1.1. Dividing the building in zones

The case study building considered in the present report is a lapdpattuing erected in
2003 in the region of Liege (Belgium). To allow an easier understamditige layout of the
building, we can divide it in five distinct zones (Figure I-1).
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Figure | - 1 : the five building zones

The first considered zone (noted “zone I") corresponds to the offf&$lqor, about 1602
m?2). This zone is totally surrounded by classical double-glazing aniie perimeter. The
frontages are partially shadowed by the cornice of the roof. Theesféire disposed on the
perimeter of the zone, in the centre, three small meeting rooansree copy room are closed
using very light walls (as light panels and simple glazing).

The second zone (“zone 11”) corresponds to the technical room, whetteeadlir handling

units (AHU), chillers, boilers, pipes and air ducts are instabdodft 1852 m? with the stair-
well). The frontages of this stage are totally opaque and induiate the outside (concrete
and insulated wall covered with aluminium facing). This zone is ctaraed by a quite

constant and high temperature (generally oscillating between 21-24 °C).

The third zone (“zone IlI”, on ground floor) contains the laboratories@building. In fact,
the laboratories’ stage includes two main zones: one large opdrmdttay and a smaller
insulated and slightly pressurized laboratory zone. In the frantesofvork, we will consider
these two “sub-zones” as a large one. The laboratory is glazesl twoilengths of frontage
and totally closed on its width (concrete walls and aluminium facifige last side of the
zone is the limit between zones Il and IV. Supposing that zoneandll IV have close
temperatures (which is really close to the reality), weneaglect the heat transfer between the
two zones.



Figure | - 2 : South Frontage

The fourth zone (zone 1[IV) corresponds to several sanitary failifighowers,
bathrooms...etc), cloakrooms dedicated to the laboratory’s employees amdithstairwell
of the building (about 585 m?2). The external frontages of this zoneotaiy tclosed and
opaque (concrete wall and aluminium facing).

The fifth zone (zone V) regroups the “logistic” rooms as cold roowemehouse and
storeroom (about 585 m?2) and is closed on its perimeter by concréseawdla large door.
An open parking space is allowed to the employees under the laboratory zone (zone Ill).

The whole building counts another smaller part which includes threéng@eoms, one

dining room and a cellar disposed on three stages. This appendix istednioethe main
building by the reception hall.

[.1.2. Orientations and exposure

As it is shown on Figure I-3, the large frontages of the building are oriented North and South.
Figure I-2 shows the south frontage of the building.

TERMINAL UNIT

Figure I- 3 : Cross Section of the Ground ar™ floors



1.1.3. Building thermal characteristics

The thermal characteristics of the building’s envelope can beiloedén a simplified way by

distinguishing two components only (Aparecida Silva et al., 2007) “cisdouble glazing”

(U=2.8 W/K.m?) and “opaque surface” (U=0.8 W/K.m3).

U values, windows and opaque surfaces areas and UA values (hear tcaesficients) in

[W/K], are given, for the entire building, in Table I-1. It is obviohart only the external

surfaces are considered in the following calculation.

Double Opague
glazing Roof Ground/floor P ? I Total UA
WindOWS external walls
(W/Emz) 2.8 0.8 0.8 0.8
(QZ) 926.2 1853 1853 1248
(VL\;/"}) 2593 1482 1482 998 6555

So, we can assume that the heat transfer coefficient of trssiemirough building envelope

Table I - 1 : Envelope Heat Transfer Coefficients

is about : 6555 W/K.

The global UA values of the external surfaces of the five zones are presentectifr Z:abl

Zone | Zone |l Zone |l Zone IV Zone V
A (m?)
Double glazing windows 549 0 377 0 0
A (m?)
Roof 1602 250 (0) (0) (0)
A (m?)
Ground/floor ©) ©) 1268 0) 585
A () 0 664 57 230 297
Opaque walls
UA
(W/K) 2820 731 2115 184 705

Table | - 2 : UA values of zones | to V




[.2. Air Conditioning System
1.2.1. Offices Floor

The 2% floor (offices zone) is ventilated with 100% fresh air at a ftate of 5050 m3/h for
the entire zone. An air handling unit, called GP4/GE4 (for Pulsing GandpExtraction
Group n°4) ensures partially the follow-up of the temperature set point of the zone.

This Air Handling Unit includes filters, one glycol-water recqvkrop placed between fresh
and vitiated air, one heating coil, one cooling coil and fans (FigdyeThe recovery loop is
composed of two water/air coils disposed on supply and exhaust ductsgiywblavater
loop. The exhaust side coil works in “cooling regime” and recoversibder(and latent, in
some conditions) heat by decreasing the air temperature (andai&s wontent). The
recovered heat is transmitted to the supply side coil using thelglater loop. This second
coil works in “heating regime” and increases the supply air testyre. Actually, this
recovery system is not regulated and works at full glycol flaie@ during AHU functioning
periods. The cooling coil is supplied with chilled water coming frdra thilled water
network at a temperature of about 7-8°C. The heating colil installgdsiAHU is supplied
with hot water coming from the hot water network at a temperattirabout 70-80°C.
Whereas the heating and cooling coils are regulated using, resphgedemperature and flow
rate control, the recovery loop is not regulated and works at mawatat flow rate all the
year long.

Figure | - 4 : Components of the AHU GP/GE 4

Fresh supplied, filtered, preheated or cooled (but not humidified) diffused in the rooms
by a supply fan trough about fifty heating & cooling (4 tubes) terminds distributed in the
rooms of the zone. These terminal units ensure the maintenance'ajrtifert temperature”
defined by the occupant by the means of a thermostat and are supftidtbivand chilled
water coming from the water networks. This comfort temperatuceiirently near to 23°C.
No humidification control is realized in this zone.



In small rooms, like offices, supplied air is diffused only troughtémminal units at a flow
rate of about 60 m3/h and extracted by an unique extraction orifecdl@y rate of 60m3/h.
Larger rooms, like small meeting rooms, are fed in freshrairgh the terminal unit and
trough additional air supply diffusers. The global extraction of eidiair is made at a flow
rate of 3800 ms/h for the entire zone. The overpressure in the zone prewgnisr
infiltration.

An additional AHU, called GP5, works in closed loop (with 100% reciredlair) and
ensures the conditioning of the large central open space. This group av@Kkow rate of
about 5000 m3/h and includes a filter, a heating coil, a cooling coil and a fan.

The control strategy is similar to the other AHU (GP/GE4)iardharged to maintain the set-
point temperature in the zone.

Figure | - 5 : Typical Terminal Unit Figure | - 6 : Components of the AHU GP5

Several types of terminal units are installed. Each deviceiveaglifferent working speeds
(characterized by 5 different air flow rates) but are simiatheir structure (As built File,
2003). Installed Terminal Units (TU) characteristics are presented in [Fable

Terminal Unit model TU size 3 TU size 5 TU size 6
Cooling&Heating Cooling&Heating Cooling&Heating
Type - . .
4 pipes 4 pipes 4 pipes
number 40 6 2
location offices Meeting rooms Meeting rooms

Air flow rates (ms3/h) | 180-280-410-575-750210-320-465-670-960210-325-475-675-97b

Heating Power (kW)| 1.9-2.6-3.4-4.1-4.6| 2.3-3.1-4.0-5.0-6.0  2.4-3.4-4.4-5.5-6.7

Cooling Power (kW)| 1.5-2.1-2.7-3.3-3.9| 1.5-2.2-3.0-3.7-4.5  1.9-2.7-3.6-4.5-5.7

Table | — 3 : Terminal Units Characteristics

Heating and cooling powers are given in nominal conditions but correctbors are also
given by the manufacturer to allow the calculation of actual heatmgcooling powers, as
function of working conditions.

The offices are occupied by about 70 people between 8:00 and 17:00, five dagelkerhe
zone is ventilated using the air handling unit between 6:00 and 20:00 fisgeiaweek too.
Terminal units ensure the set point temperature follow-up duringathe period but are used
for a “re-starting” on Sunday evening between 15:00 and 20:00.



The first floor (technical room) is occupied only by a little manance team between 8:00
and 17:00 and is not conditioned. The high and constant temperature of the aolyedise
to the heat loss of the different components of the HVAC installg#ir Handling Units,
ducts, pipes...etc).

|.2.2. Laboratories Floor

The ground floor (laboratories) is ventilated with 100% fresh arfbitw rate of about 33000
m3/h for the entire zone. The extraction is characterized byame sir flow rate. Three
independent AHUSs, called GP/GE 1,2 & 3, ensure completely the conditiamicgthe
follow-up of temperature set point in the zone (approximately 23°C). graops of 11500
m3/h (GP/GE 2 & 3) are equipped with steam humidifiers controlleddmtain a relative
humidity set point of about 50% and are in charge of the large ptré aone. One smaller
group (GP/GE 1) of about 10000 m3/h takes care of the smaller presspart of the
laboratories. The other components of these three AHUs are simtlaose which compose
the AHU “GP/GE4” (see Figure I-7).

Figure | — 7 : Components of the AHUs A to 3

Hygienic considerations could justify the use of electricallytdwaself-contained steam
humidifiers, fed with normal tap water. Indeed, reached high tempesatund absence of
stagnant water prevent any risk of bacterial contamination, whictd doeil critical for
laboratory’s processes.

Supplied air is directly brought trough some textile cylindricaloperdiffusers which are
suspended in the zone (Figure I-8). The comfort conditions (approxim288Ig/50%) are
maintained only using the three AHUS, there is no other air conditioning system in the zone



Figure | — 8 : Laboratories Textile Diffusers

Ventilation and air conditioning of the zone is ensured 24h per day, 7 dayeek all the
year. About 60 people work in the laboratories during day (between 8:00 and &7d)0m
addition to these 60 employees, about 6 people are present in the zone 24h/24.

Whereas, in the offices zone, the internal sensible gains ascaloffices gains, in the
laboratories, internal sensible gains are higher because beadpparatuses installed in the
zone. Numerical values will be discussed later.

A smaller AHU (called GP/GE7) is in charge of a littlosed room installed in the
laboratories. This zone is a “humidity-controlled” room and is charaed by the following
set points : 23°C/65-70%. Considering that this room is of reduced sizgadag to the
entire zone and that the corresponding ventilation rate is low, germre will be neglected in
the following calculations.

[.2.3. Fourth & Fifth Zone

The fourth zone (sanitary facilities and cloakrooms) is not conditidmgds only heated
using classical water radiators. This room has not a partioglewpancy profile and is
maintained at a temperature near 23°C.

The fifth zone (warehouse and storage) is conditioned using severailgcaold heating
terminal units. As it was the case for the fourth zone, this roemdiaa particular occupancy
profile. Four cold rooms are installed in this zone. Two negative (-28A@)two positive
cold rooms (4°C) are equipped with air condenser.

The appendix building is conditioned thanks to an additional AHU, called E5B/@orking

at an airflow rate of about 1600 m3/h. This group is similar to theogireviously presented
and diffuse the treated air trough pulsing plenum (hidden in the cornéine oboms) and
ceiling cassettes air conditioners. These conditioning units worlcldssical terminal units
and are supplied with hot and chilled water coming from hot and chilled water networks.



[.3. Refrigeration & Heating Plant

The installed power plant is composed of two recent condensing bairsna air-cooled
chiller. Theses elements are installed in the central equipment room of the biiitiilogr).

[.3.1. Heat Production

The heat production is ensured by two high efficiency gas condensingslagi@00 kW each
(Figure 1-9). These boilers supply the hot water network with waitartemperature of about
70-80°C and an efficiency of about 90% (based on HHV) in full load conditidrou®se, at
this temperature regime, the boilers do not function in condensing mode.

Figure | — 9 : Gas Condensing Boiler
1.3.2. Cold Production

An air condenser chiller (Figure 1-10) ensures the production of dhiliger at a temperature
of 7-8°C for the whole building. The chilled water is used to supply ffereint cooling coils
of the HVAC system (AHU’s cooling coils and TU’s cooling coils).

Figure I — 10 : Air Cooled Chiller

This chiller is characterized by a nominal (12/7°C entering/leagwraporator temperatures;
35°c ambient temperature) cooling capacity of about 399,1 kW. The correspquiveg
demand (compressors only) is about 139,3 kW. The cooling of the condenseaureddns
eight fans of about 780W each (electrical power) which brew about 9908Grm3bminal
conditions. The global nominal EER (eq. 1.3.1) is about 2,75. The used reitigera
HFC407C.

Qevaporator (.3.1)
Weompressa* Wians

EERglobal=



|.4. Water Distribution Network

As it has been said, hot water production is ensured by two condensing balgosed in
parallel. Four main pumps ensure the circulation of the hot watéeimdt water network
(Table 1-4). The first pump (C1) fed the heating coils of théairdling units and the second
(C2), the heating coils of the terminal units. The third pump (C3) esdhe supplying of
radiators. The fourth pump ensures the circulation in the (sanitaryydiet tank. The third
pump is not taken into account in our calculation because the radiatoteehaupply are
not in the modelled zones (but in zone V). Not knowing the rate of denoarsaiitary hot
water, hot water tank and its pump are not integrated in the daoslaSo, only the pumps
C1 and C2 will be taken into account in the calculations. A simpliitbdree of the hot water
networks is presented in Figure I-11.

Circuit | Number Flow Rate | Manometric Height | Efficiency Electrical
[m3/h] [m] [%0] Power [W]
C1 1 16.9 2.3 22 500
C2 1 7.7 5 31 350
C3 1 2.95 3.8 17 180
C4 1 2.5 1.8 13 100

Table | - 4 : Hot Water Network Pumps

Figure | — 11 : Hot Water Network Scheme



Three pumps are used for the distribution of chilled water (TabjeThe first pump (F1) fed
the cooling coils of the air handling units and the second (F2), the comdiig) of the

terminal units. The third pump (PRIM) is in charge of the printduiled water network and
ensures the water circulation in the evaporator. These pumps aguipgesl with inverters,
S0, we can suppose that they work in nominal conditions as soon as thewolsg demand

in the building. Vanes ensure regulation of the chilled water network.
A simplified scheme of the hot water networks is presented in Figure 1-12 .

Circuit NS Flow Rate Manometric Efficiency Electrical
[m3/h] Height [m] [%0] Power [W]
F1 1 49 7 56 1700
F2 1 25.4 6 42 1000
PRIM 1 70 5.5 36 3300

Table | - 5 : Chilled Water Network Pumps

Figure | — 12 : Chiller Water Network Scheme




[.5. Pre-audit of the Installation

1.5.1. Electricity & Gas Consumptions

The audit of an existing HVAC system consists in analysingtadable information about
actual energy consumptions and global performances. In the followirangite-only directly
available information (visual verifications, as-built records amglysperating costs and
consumptions, short and limited measurements) and very simple daltwlait be used to
analyse the installation and identify the most attractive rewpportunities (Lebrun et al.,
2006a; Aparecida Silva et al.,2007).

After having regarded the building’s design and the HVAC syst&mtioning, it's time to
consider the available data as electrical and gas consumptionsudl/, monthly records of
electricity and gas energy consumptions are available. Theieéadonsumption between
January 2005 and July 2006 is plotted in Figure I-13. It appears that tlagewdectricity
consumption for this period is floating around 130000 kWh/month. It seems diffecul
highlight a possible seasonal effect but the effect of steamdificaiion can be noted.
Indeed, winter month’s consumptions are greater than summer month’s goiesiIsMThis
observation can be explained by the fact that (winter) steam higaidih is more
consuming than (summer) cooling and will be better highlighted in the following figures

Figure | — 13 : Electrical Consumption — Jan05 to July06



The conclusions are different for the measured gas consumptionse(Fitdy for the same
period. Indeed, variations are much larger and show the seasonal(leffeconsumptions

during summer months and high consumption during winter months).

Figure | — 14 : Natural Gas Consumption — Jan05 to July06

Using this data, it is possible to evaluate the monthly averdggsi@l powers (Figure I-15).
Obviously, it is also impossible to highlight a possible seasonattetfiowever, it is again
possible to highlight the effect of steam humidification on elegtpower demand. Indeed,
electrical power demand peaks due to steam humidification seengtedier than those due
to the chiller consumption. On the whole year, averages, day, night abal glectrical
powers are, respectively, 205.5, 146.5 and 172.1 kW.

Figure | — 15 : Average Electrical Power Demand — Jan05 to JulyO6



Winter months & Summer

N A
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Figure | — 16 : Electrical Power Demand vs Outdoor Temperature

On Figure I-16, monthly averages electrical powers are plottddnasion of the outdoor
temperature. The identified linear regression has a negativeslopk illustrates an already
made observation : steam humidifier consumption during winter monthghiertthan chiller

consumption during summer months. In pink, the estimated humidification consanpti
plotted and seems to reach about 120kW at 0°C. In green, the “constant” ¢gmwand

(lights, appliances, fans and pumps) is plotted. For the entire builthisgpdawer reaches
about 80 kW.

The isolated point corresponds to December 2005. The low electricahdesdue to the
fact that, during this a part of the month, the laboratories arecclnsd the employees are on
holidays. Usually, this period is used for the maintenance of the HVAC installation.

Considering the hypothesis made on the humidification consumption, a phg s@irnmer
electrical power demand (about 80 kW) cannot be explained by the hursithidie partially,
by the chiller consumption. However, if the humidifiers consumption wasanhthis outdoor
temperature (16°C), the electrical power demand curve would have ahdge and would
increase at high outdoor temperature. Actually, this is not the aadethis summer
consumption cannot be explained.

A measure campaign is currently envisaged and should begin soon.



Figure 1-17 shows the measured electrical power demand due to dneoco$ chillers. Two
average values can be computed : a “week average value” corresptntiegoccupancy
periods during which the coldrooms are opened a few times per day'aeékend average

value” during which the coldrooms stay closed all the time.

Figure | — 17 : Coldrooms Electrical Power Demand



1.5.2. Thermal Signature

In the frame of an auditing project, the thermal signature iglidtebution of the fuel/gas
power defined in monthly average (between January 2005 and July 2006 in @yrasas
function of the external dry bulb temperature (Lebrun et al., 2006a; dgar&ilva et
al.,2007). Figure 1-18 gives this thermal signature for the concerneingyilt gives a good
correlation factor (0.94) and allows a meaningful linear regresiobe identified. Its
equation is given on Figure I-18. The slope of this law (-14.05 kW/K) shautdspond to
the global average heat transfer coefficient of the building.

Figure | — 18 : Building’s Thermal Signature

Using the building thermal characteristics and the building envelbpeistransfer coefficient
(UA = K = 6.555 [KW/K]), it is possible to retrieve the “averdgeat transfer coefficient”
given by thermal signature correlation (Aparecida Silva et al., 2007).

Considering a ventilation air flow rate of about 38000 m3/h for the wholdibgi(10000
m3/h for GP1, 11500 m3/h for GP2 & GP3 and about 5000 m3/h for GP5, see HV#&G1sys
description), the mechanical ventilation heat transfer coeffi¢@nthermal capacity flow
rate) is calculated as follows :



The calculation gives :

Considering that, in nominal conditions, recovery loops have an efficienepamit 42%
(given in manufacturer data), we can compute the “heat recovery potential” :

This means that the net ventilation heating demand is about : 12.73 — 5.7 = 7.03 kW/K
The global heating demand of the building can be estimated by addasgisaion (trough
building’s envelope) and ventilation terms :

Then, the total heating demand heat transfer coefficient is al@/H85 [kW/K]. Note that

this value has not been modified to take ventilation intermittencyaotount. Indeed, the
greatest part of the total ventilation flow rate (39600 m3/h) istdute ventilation of the
laboratories (33000 m3/h, 24h/day, 7d/week).

The value obtained thanks to this rough calculation is in fair agreemith the slopei4.05
[KW/K] ) of the building “thermal signature” as shown in Figure 1-18. Thislltés very
important and allows us to affirm that the gas consumption can bareegblby the building’s
heating demand. Moreover, these results are encouraging and confinyptikeses made
on the heat transfer coefficients.



|.6. Conclusions

In spite of recent character of the installation and its potehtgll efficiency, gas and
electrical consumptions are important and the source of high costs (and CO2 emissions)

An important part of these costs is due to the steam humidificaystiems. Indeed, these
apparatuses are very hygienic and characterized by their stgnphd facility of use but are
also great consumer of electrical energy. However, in the afakboratories, the use of
steam humidification instead of adiabatic humidification can béfiggst A first proposal
could be to verify if the needs for humidification and these high teatperand humidity set
points (23°C/50%) are justified.

Whereas the winter electrical consumption is quite well expdafbg constant consumptions
and steam humidifiers consumptions), at the moment, it is not possilaiirm that the
summer electrical consumption is totally due to the chiller. Thdatiing of the installation
will be useful to clear up this specific point.

As the thermal signature shown it, the gas consumption can be egplaintme heating
demand of the building. Indeed, the thermal signature coefficient pores to the heat
transfer coefficient of the building’s envelope.



[.7. Retrofit Opportunities

Nowadays, the Air Handling Units which are connected to the labaatare functioning 24
hours per day in full fresh air mode and are already equipped withréeatery loops
recovering approximately 40% of available sensible heat. The remaansible (and latent!)
heat is (are) still available and recoverable. An interestimiyavement would be the use of a
heat pump to recover this wasted energy. The extracted air, akllest of the recovery
coils, could be used as heat source for heat pumping and the producedhotatcasce for
building’s heating. A possible arrangement is suggested in FighfeThe actual air-cooled
condenser chiller would be replaced by a water-cooled one which coulédewhiller and
in heat pump mode. Supplementary air-water coils would be added intthetec air duct of
the main Air Handling Units (GE 1,2&3, functioning at constant air fleate 24/24),
downstream of the existing heat recovery colil, to recover theahlaiheat and supply the
heat pump evaporator. On the condenser side, the produced low temperatuatehfdlvout
55°C at condenser exhaust) could be used to supply heating devices, dseatitlg coils or
TU heating coils. In the case of a lack of heat transfer surfdue to the use of low
temperature hot water instead high temperature hot water produceildyg), cooling coils
could be used as secondary heating coils (using a “change over” technique).

Figure | — 19 : Retrofit Opportunity — Reversible Heat Pumping

In addition to this main retrofit opportunity, several adaptations costullz brought to the
actual installation :
- To program a recovery strategy to avoid the waste occurring védoevery loop and
cooling coil are working simultaneously,
- To study the possibility of a decreasing of the ventilation flaig and of the indoor
conditions (temperature and humidity) during unoccupied periods,
- Toimagine and envisage other (clean and secure) humidification systems.

A part of these proposals will be investigated, studied and detaitbé following. However,
the two last opportunities (modification of the ventilation rate and dification system) will
not be studied. A focus will be made on the heat pumping opportunity and thed€eepe
adaptations (as the change over technique). Of course, we stay opetteatigeao other
retrofit possibilities which could appear during the following phases of the work.

Before the beginning of the modelling phase, an important remark musiatie: in the
following parts and chapters of this work, only two zones will be taknaccount. Indeed,
regarding to the actual HVAC installation, it seems obvious tha¢ 2 and Ill (offices and



laboratories) are the zones in charge of the main part of the cptisusndue to the HVAC
system. On one hand, laboratories and offices are characterized inypartant HVAC
system, composed of large air handling units and a high number ohatrmmmits. On the
other hand, the remaining zones are equipped with only some radiators@pbadta small

air handling unit (GP/GE 6). Moreover, the whole building is ventilateth full fresh air) at

a rate of about 39600 m3/h when zones | and lll totalise 38000 m3/h. Alstbbservations
justify the fact that, in the following work, only zones | and llllwe taken into account. The
other zones will be studied later, in the frame of the IEA Annexdfegr Of course, only the
equipments corresponding to the studied zones will be taken into account in the calculations.



PART Il : MODELLING OF THE INSTALLATION



[I.1. Aim & Philosophy of The Modelling Phase

While, in a pre-audit procedure, the identification of the building he&tingoling demands
is not envisaged (heat/cool counters are not often installed in bujldthgscalculation of
theoretical demands and corresponding energy consumptions appearsy/lagitedistart of a
feasibility calculation and detailed study of retrofit opportunities.

Considering the number of parameters and influences which are involwbds itype of
calculation, it seems rational to run simulation model rather thgngl@bal and hypothetical
weather indexes (similar to heating degree-days). For tlgstéat work, simulation models
are required that are sufficiently reliable, accurate and robust.

The level of detail required for each calculation can be very reifte For heating
calculations, the major issues are a correct description of theéinguienvelope and an
accurate evaluation of the air renewal. For cooling calculationsfetiestration area and
orientation, the level and distribution of the internal gains, the veatilaates, and the
geographical location appear as critical issues. Most of teesed are explicitly taken into
account in the developed models.

The presented model could be divided in two main parts :

- adynamic building model,

- astatic HVAC system model.
The first part of the global model ensures the calculation of thgnlgeand cooling loads
whereas the second part (HVAC system model) involves moving fromirdmitiemands to
system energy consumptions.

In both situations, the issue is to define the optimal level of ddt#ile model in relationship
to the amount of information collected during the pre-auditing phase and thedeguélities
of the model. To this end, only one building model will be used in the falpwiork but
three types of models will be developed for the HVAC system components:
- complete, validated, detailed and accurate models (catiethér models), used to
compute components characteristics and properties (basing on manufacturer data)
- simplified, robust and more easy-to-use models (catledghter models), using the
previously defined characteristics to run simulations,
- Simplified, robust and easy to tune models (calleghlian models), directly tuned
using manufacturer data.

Most of these models have already been developed, validated and used msityrovdiege
(André et al., 2006a; André et al., 2006b) in the frame of the following research projects :

- |IEA ECBCS Annex 10

- ASHRAE Primary Toolkit

- |IEA ECBCS Annex 40

- |[EA ECBCS Annex 43

- AUDITAC

- |[EA ECBCS Annex 48



[1.2. Building Model

The following building model has been developed as a “benchmarking — auddiwigih
University of Liege (André, Lebrun et al., 2006a) and implemented on ™ HE®)ineering
Equation Software, © F-Chart Software).

Obviously, the simulation model includes realistic and physical considerations, as :
- building (static and dynamic) behaviour,
- weather and occupancy loads,
- solar exposure and orientations,
- characteristics of materials composing the building’s envelope.

The presented building model is based on a very simplified equivalénh&work (with
only two thermal masses, Figure 1I-1), corresponding to a mono-zone apefigar with
light internal “curtain” walls and external glazed walls. Teihieme corresponds to a typical
office building, mainly composed of a lattice concrete structure and light glaadksd w

Figure Il — 1 : Building Model - Equivalent R-C Network

A sensible heat balance is established on the indoor node which is eonteetite structure
(first thermal capacitance, right branch), to the outside environ(feghbranch) and to the
ventilation system (top branch). Terminal Units and several othgectors” (as solar,
occupancy, lighting and appliances gains) are taken into account aed ‘t&dinsible Heat
Gains”. The energy storage effect inside the zone (air, watlsfurniture) is represented by
the second thermal capacitance (bottom branch).



[1.2.1. Zone Sensible Heat Balance

The equations corresponding to this first sensible heat balance awdl¢h&tion of the
energy storage inside the indoor environment are presented below :

(I1.2.1)

(11.2.2)

where {,is the indoor temperature (at time =t), in °C,
tain1iS the initial indoor temperature (at t = 0), in °C,
Cin is the inside thermal capacity, in J/K,

The inside thermal mass, used in equation (11.2.2), is computed using the following formula :

(1.2.3)
where \{, is the internal volume of the zone, in m3
ais the air density, in kg/m3
Cp.alS the air specific heat, in J/kg-K
The air capacitance is corrected by a hypothetical factor, suppmgdakie into account the

capacity of all the internal surfaces and equipments (wallsuandure). The authors propose
a value of about 5 for this correction factor (Lebrun, 2006b).

[1.2.2. Structure Energy Balance

The structure contribution is computed using the following balance :

(11.2.4)

The first term of equation (I.2.4) is the heat flow coming fromithiernal structure and is
computed as follows :

(11.2.5)

(1.2.6)



where Ryt IS the thermal resistance corresponding to the global exchamges@tive and
radiative) between the ambiance and the structure, in K/W,
tstruct IS the structure temperature (at time =t), in °C,
Aroor 1S the floor surface, in m?,
hin is the inside global exchange coefficient, in W/m2-K.

The second term appearing in equation (11.2.4) is the energy stored in the structure :

(11.2.7)

(1.2.8)

where Guctis the structure thermal capacity, in J/K,
tstruct 11S the initial structure temperature (at t = 0), in °C,
Eioor IS the floor thickness, in m,
rhoxeor IS the floor density, in kg/ms,
Croor IS the floor specific heat, in J/kg-K.

[1.2.3. Fabric Heat Transmission

The heat flow passing trough the external envelope of the zone s lgyva global heat

transfer coefficient (Akbniagey Multiplied by the indoor-outdoor temperature difference, at
time t.

(1.2.9)

where ¢, is the outdoor dry temperature, in °C,
Avindows IS the glazed walls surface, in m?,
Aopaque frontagds the opaque walls surface, in m2,
Uwindows IS the double-glazing conductive heat transfer coefficient, in W/mz,
Uopaque,frontagd the opaque walls conductive heat transfer coefficient, in W/m?2.



[1.2.4. Ventilation Enthalpy Flow rate

The enthalpy flow rate brought by pulsed and infiltrated airflow rates is given by :

(11.2.10)

where M g ex supplyduciS the pulsed air mass flow rate, in kg/s,
Cp.alS the air specific heat, in J/kg-K,
C ex,supplyductS the pulsed air specific heat flow rate, in J/K-s,
M a.infir IS the infiltrated air mass flow rate, in kg/s,
Ciniir IS the infiltrated air specific heat flow rate, in J/K-s.

[1.2.5. Sensible Heat Gains

The equation (11.2.11) summarizes the different sensible heat gairfsjectors”) which
have not been taken into account till now :

(11.2.11)

where Q nis the global sensible heat gain in the zone, in W,
Qs.occiS the sensible heat gain due to the occupancy, in W,
W iignt is the heat gain due to the lighting, in W,

W appiis the heat gain due to the appliances, in W,
Qsunis the solar gain, in W,

Qs heatinglS the heating load provided by terminal units, in W,
Qs.coolingS the cooling load provided by terminal units, in W.

These two last contributions are calculated using the terminal unit model dedioe.

The occupancy loads given by :

where QensibleloccupantS the sensible heat gain per occupant due to a moderately afittee
work (ASHRAE, 2005), in W,
Nocc IS the number of occupants in the zone.



Lighting and Appliances gains are computed as follows :

where W jignt,max IS the maximal heat gain due to the lighting, in W,

W iightmaxwafioor 1S the maximal heat gain due to the lighting per square noéter
surface, in W/m?2,

W appimaxiS the maximal heat gain due to the installed appliances, in W,

W appimaxafioor IS the maximal heat gain due to the installed appliances peresqua
meter of surface, in W/m?2.

The solar gain directly injected in the zone trough windows, is composed of three mai
contributions :

- the direct radiation,

- the diffused radiation,

- the reflected radiation.

These three contributions are included in the following equation whichesnial calculation
of a global radiation, calledl, in W/m2. A solar factor (Sfndows globalises the reflection,
absorption and transmission factors of the double-glazing windows in one value.
Considering theses values, the solar heat gain is easily obtained :

The global radiation is obtained by adding the three contributions :

where lnis the global radiation, in W/m?2,
lairect IS the direct radiation reaching the vertical glazed surfaces, in W/mz,
lgiob IS the global radiation reaching a horizontal surface of 1mz2, in W/m?2,
Albedo is the reflective factor of the ground,
lgitr IS the diffused radiation on a horizontal surface of 1mz, in W/mz2.

The factors ¥ are added because a vertical wall faces onlpfhtlé sky. The global and
diffuse radiations come directly from the meteorological data. @inect radiation is
calculated as follows :



where Findows,soutdS the proportion of glazed surface South oriented, in m2/mz2,
Fuindows wesiS the proportion of glazed surface West oriented, in m2/mz2,
Fuindows EaslS the proportion of glazed surface East oriented, in m3/m?2,
Fuindows,NorthiS the proportion of glazed surface North oriented, in m2/mz2,
Fuindows shadodS the proportion of shadowed glazed surface, in m2/mz2,
SIGMAFindows IS the sum of the previous factors, equal to 1, in m2/mz2,
FsouthiS the projection factor for a vertical south-facing wall,
FwestlS the projection factor for a vertical west-facing wall,
FeastiS the projection factor for a vertical east-facing wall,
Frorth IS the projection factor for a vertical north-facing wall,

Projection factors are used to transform the radiation reachimagizontal surface into the
radiation reaching a vertical wall. The F factor is a globajegtion factor which takes into
account the corresponding orientations (North, West, South and East)d Glat&ces are
known and computed using the plans. Projection factors are available in the climaile.data f

[1.2.6. Zone Water Balance

In addition to the already defined sensible heat balance, a wasgcéahust be calculated
for the zone. The water flow rate entering the zone is due to two main contributions :

- water contained in the ventilation and infiltration air flow ratels(yeny), in kg/s,

- water due to the breathing of the occupavitg(), in kg/s.

where hgneis the height of the zone, in m,
Win is the humidity ratio of the indoor air (at time = t), in kg/kg,
Win 11S the initial humidity ratio of the indoor air (at time = 0), in kg/kg.

The water capacitance of the indoor air is corrected by a bBgpwthetical factor as for its
thermal mass. This correction takes into account the hygroscopict eff the internal
surfaces (walls and furniture) and has also an advised value of about 5.

The contribution of the occupancy is given by :

where M y, occ IS the water mass flow rate per occupant (approximately 0.07rkgtandard
conditions),
Nocc IS the number of occupants in the zone.



The contributions of the ventilation and the infiltration are given by :

where Wy supplyductS the humidity ratio of the pulsed air, in kg/kg,
Wout IS the humidity ratio of the outdoor air, in kg/kg.

[1.2.7. Building Model Parameters

The present model will be used to simulate the heating and coolingndsrnof the offices
and laboratories floors. The reason why only zones | and Il wilhkentinto account in this
work has already been explained in the conclusion of the first part of this report.

To facilitate the modelling and computing work, the previously presenteab-zone building
model has been used as it is and has not been transformed in aomeltradel. So, each
considered zone will be modelled and simulated independently. Thisni@ic@venient
approximation could be justified by the fact that the two studied z@nguate independent
one of the other (Figure I1I-2). Indeed, the technical room (zone llactesized by a quite
constant temperature) play the role of a “buffer zone” which prewmtsnfluence between
the zones I and Il

The laboratories are also directly “in contact” with zone IV. deer, considering the facts
that this fourth zone is characterized by a close temperatureéhandhe air circulation
between these two zones is very low, the zone IV is taken into acasusu isothermal
adjoining zone in the simulation of the laboratories.

Figure Il — 2 : Cross Section of the Building



The simulation parameters for the both zones are presented in Table II-1.

| Units | Laboratories | Offices
Zone
Length m 65 82
Width m 195 19.5
height m 2.9 2.7
Structure
Floor thickness m 0.2 0.2
Floor Density kg/ms3 2000 2000
Floor Spec. Heat J/kg-K 850 850
Materials
Uwindows W/K-m?2 2.8 2.8
SFwindows - 0.25 0.25
Uopaque W/K-m?2 0.8 0.8
Exposure
albedo - 0.2 0.2
Fwin,South % 44 20
Fwin,West % 0 10
Fwin,North % 44 20
Fwin,East % 0 10
Fwin,shadow - 0 40
Equipments
Lighting W/mz 5 5
Appliances W/m2 25 5

Table Il — 1 : Parameters of the Building Model

U values correspond to the values used in the pre-audit. The thermeatiustgpreviously
made has confirmed these hypotheses. Windows solar factor and albedoavalgtassical
mean values (Lebrun, 2006b). Exposure factors and equipments loads have ibesrdest
according to the actual geometry and installed appliances (As built File, 2003).

Once the studied zones are modelled, a simulation model must alsodbepdd for the
complete HVAC system.



[1.3. HVAC System Model

As already said in the first part of this work, installed CAdr(stant air volume) air handlers
generally include air-to-air direct recovery loops, hot water imgatoils, chilled water
cooling coils, steam humidifiers and fans. In one zone (officessict heating & cooling
terminal units are installed to ensure a permanent comfort tatoper All of these
components will be now described and modelled.

Considering that the building model is a mono-zone model, all the modils efuipments
of a given type (air handling units, terminal units...etc) can be gathe a “global” model.
Indeed, the different locations of the terminal units or of the Hirsdirs cannot be taken into
account in a simplified mono-zone building model, it is so totally eseie differentiate the
similar units. The global model is so composed of a mono-zone building ,naogkelbal air
handling unit model (gathering the characteristics of the difféeid which are in charge of
the zone) and a global terminal unit model (for the offices floor)oAlyast part of the model
concerns the calculation of electrical and gas consumptions (uslteg ehd boiler models)
and is only provided with cooling and heating demand previously calculatese Tinedels
will be presented below.

[1.3.1. Air Handling Unit Model

The actual building is equipped with seven air handlers, installed inMiaehanical
Equipment Room (MER). The equipments concerned by this work are refdrémm
GP/GE1 to GP5 and detailed in Table 1I-2

AHU Mode F|E)r\;l\13 /E]a e Zone
GP/GE 1 100% fresh air 10000 Zone Il (labs)
GP/GE 2 100% fresh air 11500 Zone llI (Ilabs)
GP/GE 3 100% fresh air 11500 Zone Il (labs)
GP/GE 4 100% fresh air 5000 Zone | (offices)

GP 5 | 100% recirculated aif 5000 Zone | (offices)

AHU Components
GP/GE 1 Filters — Recovery Loop— Cooling Coil — Heating Coil — Fan

GP/GE 2 | Filters — Recovery Loop — Cooling Coil — Heating Coil — Steam Humidifier —{Fan

GP/GE 3| Filters — Recovery Loop — Cooling Coil — Heating Coil — Steam Humidifier —|Fan

GP/GE 4 Filters — Recovery Loop — Cooling Coil — Heating Coil — Fan

GP5 Filters — Cooling Coil — Heating Coil — Steam Humidifier — Fan

Table Il — 2 : Components of the AHUs

The global AHU model is based on an addition of single component modptsselis in
series. In the following paragraphs, all these single modelsbwillescribed and explained.
For heating and cooling coils, a complete model will be used to conifsut@ominal

! As it has been said in the first part of the réponly zones | and IIl will be taken into accoumtthe present
analysis. Considering this fact, only the equipmintrelationship with these zones will be descritstl
modelled.



characteristics. These characteristics will be used durmglaiions by a simplified (more
robust) model. The other models are “orphan”, but simple models.

[1.3.1.1. Heating Coil Model

In the considered installation, aluminium fin&tube coils, fed with haeweaoming from the
hot water network, are used to heat the air at the exhaust @cthwery coils. These devices
are regulated thanks to the supply hot water temperature (contrsitegla mixing three-way

vane and a pump).

Complete “Mother” Model

Currently, (pre)heating coils are characterized by their lmaasfer surface, composed of a
primary (tubes external surface) and a secondary (fins extirface) heat transfer surface.
The global heat transfer surface can be numerically repredepni@djlobal AU value of the
coil. The aim of this first mother model is to determine the noma value of the coill,
corresponding to the nominal rating point, given by the manufacturer (Table 1I-3).

AHU GP/GE1 | GPIGE 2| GPIGE3| GP/IGE4| GP5
Heating Capacity [W] 85000 122000 122000 58000 15000
Air Flow Rate [m3/h] 10000 11500 11500 5050 5000
Entering Air Dry Temp. [°C] 3.6 2.3 2.3 -12 20
Entering Air Rel. Hum. [%)] 25 27 27 90 50
Leaving Air Dry Temp. [°C] 28.9 33.9 33.9 22 28.9
Leaving Air Rel. Hum. [%] 5 4 4 7 29
Water Flow Rate [m3/h] 3.7 5.4 5.4 2.5 0.7
Entering Water Temp. [°C] 80 80 80 80 90
Leaving Water Temp. [°C] 60 60 60 60 70

Table Il — 3 : Heating Coils Manufacturer Data

The main equations of the complete “mother” model are based on ssealaNTU method
(Incropera & DeWitt, 1996; Ngendakumana, 2006)

First, the heat transfer must be expressed on both air (11.3.1) and water (11.3.2) sides.

(11.3.1)

(11.3.2)

The effectiveness of the heat transfer is expressed usingeiietical maximal heat transfer

rate (11.3.3).

(11.3.3)



This effectiveness can be expressed as a function of the hesfetreoefficient Alleatingcoi
using the following formula (11.3.4).

(11.3.4)

The formula (11.3.4) corresponds to a counter-flow heat exchanger. énafpibe particular
conception of heating coils, this approximation can be made for cdiismare than 3 rows
of tubes.

The obtained AU value also corresponds to the reverse of the totakathesistance which
exists between the air and the water flow rates. This todaiial resistance is also equivalent
to three resistances disposed in series : the convectivemesista the airside, the conduction
resistance of the metal and the convective resistance on the waterside.

Figure Il — 3 : Block Diagram Representation of the
Heating Coil Model

The present model is implemented on “EES” and used for the five coetsicials (Figure II-
3). Specific heat and densities are computed using the property funictiplesnented in
“EES” with air and water mean temperatures and at a stanolaocd@heric pressure of about
101325 Pa. Results obtained for the five runs are presented in Table II-4.



Coil AU value : . . Heating Leaving Air
Al [W/K] Sl SreEitensE Capacity [W] | Temperature [°C]
GP/GE 1 1557 0.3225 84149 28.24
GP/GE 2 2374 0.4054 122813 33.8
GP/GE 3 2374 0.4054 122813 33.8
GP/GE 4 861 0.3434 56858 19.59
GP/GE 5 287.9 0.2857 15851 29.55

Table Il — 4 : Heating Coils Computed Characteristics

By comparing these results to the values given by the manufaatde II-3), absolute and
relative errors can be computed. Thus, leaving air temperatusécidated with an average
absolute accuracy of about 0.7 °C. The heating capacity is computeahvatrerage absolute
accuracy of about 2%. Considering the simplicity and the fact timtntodel is currently
used, no validation work will be realized for this model.

Simplified “Daughter” Model

To avoid difficult calculations and convergence problems, a simplifiedrabust model is
extracted from the reference model. Two fair approximationsmereée in this secondary
model :
1. the minimal capacity flow rate (eq. 11.3.3) is supposed to be aliveey air capacity
flow rate (which is currently the case),
2. the effectiveness of the heat exchanger is supposed to stayntamsteequal to the
previously computed value (Table 11-4) during simulations.

The first approximation enables to avoid the use of the “min/max” functions and the
calculation of the effectiveness using equation 11.3.4, which could be pratxeduring
simulations. Knowing that the air flow rate is maintained at eonidével and that water flow
rate stay equal to the nominal flow rate during functioning periodd/(€/stem with water
temperature regulation), this hypothesis do not generate any errdise kcase of the air
handler “GP 5”, the minimal capacity flow rate corresponds to thé&erside and the
approximation cannot be made. However, the functioning mode of this airrgandit (full
recirculated air) allows us to consider it as a large t&hunits. Its case will be treated in a
following paragraph.

The second approximation does not induce any error if the both flow rates do not vary
during simulation, what is the case in reality.

In this derived model, the heat transfer on waterside is not taleadobunt. Only two inputs
are asked by the new model to calculate the exhaust air tearpeadx neatingco)i - the supply
hot water temperaturew{dy neatingcoil COMputed using regulation laws, allowing the follow-up
of the set-point) and the supply air temperature.

The “daughter” model can be resumed by these four equations :



Several pumps are used to control the heating load brought to the loediBn@rigure 11-4).
Table II-5 summaries the main characteristics of these pumps.

Figure Il — 4 : Heating Coil Control System

Flow Rate | Manometric | Efficienc Electrical
Pump | AHU | Number | *"ra ™| Haight [m] (%] " | Power W]
P4 GP1 1 3.7 2 21 100
P5 GP2 1 5.3 3 16 280
P6 GP3 1 5.3 3 16 280
P7 GP4 1 2.6 3 22 100
P8 GP5 1 0.7 3 8 70

Table Il — 5 : Heating Coils Pumps Characteristics

[1.3.1.2. Cooling Coil Model

In the studied installation, several cooling coils are present irdifferent AHU. These
cooling coils are typical aluminium fins&tubes cooling coils andfacewith chilled water
coming from the chilled water network. Whereas no condensation riskeesstaken into
account in the case of heating coils, the appearance of condensatthaltutges and fins of
cooling coils, in particular functioning conditions, must be modelled. Indéedcaoling

capacity is fully influenced by the (dry or wet) regime.

Manufacturer data for the installed cooling coils are presented in Table 1I-6.

=

A=

AHU GP1 GP 2 GP 3 GP 4 GP5
Cooling Capacity [W] 61400 87400 87400 28200 1680(
Sensible Power [W] 42000 57900 57900 20300 1500(
Air Flow Rate [m3/h] 10000 11500 11500 5050 5000
Entering Air Dry Temp. [°C] 30 30 30 30 25
Entering Air Rel. Hum. [%)] 50 50 50 50 50
Leaving Air Dry Temp. [°C] 17.5 15 15 18 16.1
Leaving Air Rel. Hum. [%] 89 98 98 90 84
Water Flow Rate [m3/h] 10.6 15 15 4.9 2.4
Entering Water Temp. [°C] 7 7 7 7 6
Leaving Water Temp. [°C] 12 12 12 12 12
Condensate Flow Rate [kg/h] 26.4 40.2 40.2 10.6 2.2

Table Il — 6 : Cooling Coils Manufacturer Data



Complete “Mother” Model

This reference (“mother”) model threats the cooling coil asumterflow heat exchanger by
using the model proposed by Lebrun & al. (1990), based on Merkel's theoryrkElMe
1925). In this model, fully dry and fully wet regimes are describad aomputed
simultaneously. According to Braun’s hypothesis (Braun, J.E., Klein, S.Ach#fi, J.W.,
1989), the regime to be considered is the one leading to the maximal cooling capacity.

According to this model, the cooling coll is finally characteribgdhree resistances disposed
in series : the convective resistance on the airside, the condusgistance of the metal and
the convective resistance on the waterside.

In dry regime, the classicalNTU method is used to define the cooling capacity and the (dry)

effectiveness. The overall heat transfer coefficient is catied! by considering the three
thermal resistances previously quoted (equation 11.3.5).

(11.3.5)

In wet regime, the air is replaced by a fictitious perfast, gvhose enthalpy is fully defined by
the actual wet bulb temperature. The corresponding cooling power atiio(f&) thermal
resistance are defined by equations (11.3.6) and (11.3.7).

(1.3.6)

(11.3.7)



The air state at the cooling coil exhaust is computed by the neé@nsemi-isothermal heat
exchanger, according to the ASHRAE classical procedure (ASHRBAES). This fictitious
heat exchanger is composed of the airflow on one side and of euEtituid (of infinite
capacity flow rate) on the other side. The supposed temperature bétitious fluid is called
the “contact temperature” and corresponds to an “average” tempeeohtine external surface
of the coil. The corresponding equations follow :

All the enthalpies, absolute humidity and wetbulb temperatures areedafsing the very
accurate functions already implemented and available in the solver library.

Using the data given in Table 1I-6, the model provides the followisgltse (Table II-7). To
identify the parameters of the model (thermal resistancgsgless must be made on the value
of the metal thermal resistance. A fair approximation is to s@ppbe metal thermal
resistance negligible opposite to the both convective thermal resistances.

Air Water Cooling
AHU Thermal Thermal Capacity | SHR i - S
Resistance| Resistance [W]
GP1 0.0001774| 0.0001038 61487 0.68 0.61183499| 0.8155
GP 2 | 0.00008542 0.00007419 87010 0.6 0.7660.4525| 0.9522
GP 3 | 0.00008542 0.00007419 87010 0.66 0.7660.4525| 0.9522
GP 4 0.0003418 0.000247 28423 0.71 0.59923479| 0.8243
GP5 0.0004285| 0.0002833 16710 0.90 0.497 0.50084/498

Table Il — 7 : Cooling Coils Computed Characteristics

By comparing obtained cooling capacities and SHR values with th@ gieminal rating
point data, relative errors can be computed. The cooling capacity arRda&Hcomputed,
respectively, with an accuracy of about 0.8% and 1.3%. These valuescargaging and
have been confirmed by Lemort, Cuevas and Lebrun (2007) during a validati@sexe
realized with the concerned model.

The same authors also propose variations laws to compute the thesist@inces for variable
air and water flow rates.



Simplified “Daughter” Model

Once more, a simplified model has been developed and extracted frdimsttimeodel. The
first simplification of the model consists in using simplifiedidl properties in place of very
accurate (but heavy) implemented functions available in the sdbvanfi Simple (parabolic)
correlations are identified for most of humid air state.

The second simplification is more specific and consists in not takitmgaccount what
happens on waterside. This is done by assuming the cooling coilrestiatai is controlled by
its contact temperature (in place of the chilled water floi)rarhe minimal value of the
contact temperature, corresponding to the full opening of the two-waysok valve, is

determined as a function of water supply temperature and of dry tobuwike air supply

temperature (according to the dry or wet regime).

A third fair and convenient approximation is to “do as if” the tramsibetween wet and dry
regimes would occur exactly when the contact temperature is equal to the supplyicew-

These two last approximations can be justified by using simulagguits obtained with the
complete reference model (Lebrun, Lemort and Cuevas, 2007). In the cahsdaraple
(Figure II-5), the transition is occurring for a water supply gerature of about 12.5°C,
corresponding to as contact temperature of about 15.5°C. This last valightly below the
supply dew point temperature (about 16.7°C).

Figure 1l — 5: Evolution of the cooling coil power and contact temperature with the
supply temperature (Lemort et al., 2007)

In addition to these simplifications, the same suppositions as fairti@ified heating coill
model are made :
- the minimal capacity flow rate is supposed to correspond to the air side,
- the different efficiencies (dry, wet and contact) are supposestaly constant and
equal to the nominal efficiencies (calculated and given in Table II-7).

This model has already been validated and it appears that the Bxssuddcy stay limited in
the region corresponding to the transition between the two reginyean@mvet). This lack of
accuracy is probably not critical in a long-term simulation of a whole HVA@yst



The simplified model can be resumed in the following equations :

(1.3.8)

The regulation law is then used to compute the “used” contact tempendtich is limited by
the minimal contact temperature defined by equation (11.3.8). The exlaaustate is
calculated using the following equations.



11.3.1.3. Recovery Loop Model

Classical recovery loops include three main components : one exhiaut, ane supply air
coil and a water (or glycol water) loop equipped with a pump (FitirGeleft). These loops
are surely the simplest way to recover the exhaust air eaedyyse it to heat the fresh air
(“winter functioning mode”). According to the functioning conditions (outdoor iacidor
temperature and humidity), two regimes are possible. The hedetraas be fully sensible
(red and blue evolutions) or partially sensible and latent (red ard gr®lutions) (Figure II-
6, right). In this last case, condensation occurs at the exhausiilaiOf course, recovery
loops can be used in “summer mode” and cool the fresh air by re-hdadirxtracted air.
This last functioning mode is quite rare in our moderated climates.

Figure Il — 6 : Scheme of a Direct Recovery Loop — Typical Evolutions on Psychrometri
Diagram

In the present, the recovery loops are placed at the entranceaaf tla@dling units. To avoid
the freezing risks and the related damages, recovery loops wor25% (mass percentage)
glycol water.

Detailed “Mother” Model

The complete model is based on the principle of an air-to-air kebtueger (Figure II-7).
The supply airside is modelled as cooling coil (working in dry orregime, see 11.3.1.2.). Of
course the fluids are not water and air but air on the both sideexiiaeted air is cooled
(primary fluid) and the fresh air is heated (secondary fluid). Kngwle nominal rating point
of the loop, this complete model is used to define the effectivenéb®ssame three
effectiveness’s as in the classical cooling coil model) of a@iir equivalent coil. The
equations will not be detailed here because of their redundant chafdeeesults given by
this model are presented in Table I1I-8.

Figure Il — 7 : Equivalent Air to Air Heat Exchanger



NOMINAL RATING POINT
Units | GP/GE1 | GP/GE2 & 3 | GP/GE4
Efficiency % 42 42 42
Power W 55300 58300 25400
Pulsing side
Air Flow Rate ms3/h 10000 11500 5050
Supply Air temp. °C -12 -12 -12
Supply Relative Hum. % 90 90 90
Exhaust Air temp. °C 3.6 2.3 2.2
Exhaust Relative Hum. % 25 27 27
Condensate Flow Rate ms3/h 0 0 0
Extraction side
Air Flow Rate m3/h | 10000 11500 3800
Supply Air temp. °C 22 22 22
Supply Relative Hum. % 50 50 50
Exhaust Air temp. °C 9.4 10.1 7.7
Exhaust Relative Hum. % 97 95 100
Condensate Flow Rate ms3/h 13.6 12.6 8
EQUIVALENT AIR/AIR EXCHANGER EFFICIENCIES
A % 63.87 67.67 74.11
wet % 93.09 95.99 73.52
contact % 84.44 82.83 99.56

Table Il — 8 : Recovery Loops Manufacturer Data

The nominal rating points (Table II-8) of each coil (on pulsing andaetxdon sides, for

GP/GE 1 to 4) have also been used to compute the characterigtaxshafoil separately. On
pulsing side, the used model is the “heating coil” model and, on eatraitle, the “cooling

coil” model.

Simplified “Daughter” Model

In reality, two simplified models have been developed. The first gietblmodel is very
similar to the complete model and is used to calculate thetedie at the exhaust of the
recovery coil, on the extraction side. This information will be usefalfollowing calculation
(see Part IV). As already said, the equations are very sithda for the complete model but,
in this model, the effectiveness’s are supposed to stay constangualdie the previously
defined nominal values.

The second simplified model is totally different and based on a unigaseger. A recovery
efficiency is computed using the two previously defined models. Aastbeen noted using
the (simplified) simulation model previously presented, variationsisf éfficiency are so
limited that it could be considered as constant and equal to approximately 40%.

This equation is used to compute the exhaust air temperature on psidegvithout
considering the transition on the extraction side.



The circulation of the glycol water in the recovery loops is exsbyeseveral pumps. The
main characteristics of these pumps are summaries in Table 11-9 .

. Flow Rate | Manometric | Efficienc Electrical
Circuit | AHU | Number [ma/h] Height [m] (%] y Power [W]
P9 GP4 1 1.6 2.5 22 50
P10 GP1 1 3.2 8 22 320
P11 GP2 1 3.2 8 22 320
P12 GP3 1 3.2 8 22 320

Table Il — 9 : Recovery Loops Pumps

As already said, these recovery loops are supposed to be not regulated and to work all the yea
long.



11.3.1.4. Steam Humidifier Model

Only three air handlers are equipped with humidification devices2(GP& 7). These two
first air handling units are in charge of the conditioning of the bdes. The last air
handler (GP 7) is in charge of the “humidity-controlled room” of wtited presence is not
taken into account in this analysis.

The considered steam humidifiers are able to deliver about 90kg/teah stach. The
electrical nominal power is about 136 kWe for both (As built file, 2003).

Considering the small quantity of available information and the sipbf theses devices,
only a simplified model will be presented and used.

Knowing the supply humidity ratio (corresponding to the humidity ratithatcooling coll

exhaust), the exhaust desired humidity ratio (required to maintahuthglity set point in the
zone) and the air mass flow rate, it is easy to compute the steam mass fl@g th89).

(11.3.9)

Using an enthalpy balance to express the mixing between thevaiarid the steam flow, it is
easy to calculate the air exhaust temperature (eq 11.3.10).

(1.3.10)

Making supposition on water temperature at the inlet of the stgtmder, it is possible to
compute the thermal power required to produce the wanted steam foegall.3.11 ). A
fair supposition on the efficiency of the device enables to computeléotrical power
demand (eq 11.3.12).

(11.3.11)

(11.3.12)

During simulation, the tap water temperature and the produced seraperature are
supposed to be about, respectively, 15°C and 110°C. The efficiency of theidestipposed
to be about 95%.

This “orphan” model is not issued from a reference model but is #agyne using
manufacturer data and several assumptions.



11.3.1.5. Fan Model

Generally, air handling units are equipped with two fans, one “main(fansing side) and
one “return fan” (extraction side). Knowing the “nominal” rating poifgsen in as-built

documentation, Table 1I-10) and considering that the fans work at (“ndincaaistant air

flow rates during functioning periods (CAV system), the fan modelbgaresumed in a very
simple couple of equation (eq 11.3.£3)

GP1 | GP2 | GP3 | GP4 | GP5
Air Flow Rate [m3h] | 10000| 11500 11500 5050 5000
Pressure Var. [Pa] | 1151 | 1367 1367, 101y 564
Efficiency [%] 78 78 78 77 74

GEl1 | GE2 | GE3 | GE4
Air Flow Rate [m3/h] | 10000 11500 11500 3800
Pressure Var. [Pa] 798 1068 | 1068 651

Efficiency [%] 75 75 75 74
Table Il — 10 : Fans Manufacturer Data

The used equations are presented below :

(11.3.13)

Equation 11.3.13 is used to compute the electrical power demand of th&Hanthree
remaining equations are used to calculate the air state ethhast of the fan (corresponding
to the entry of the distribution duct).

This “orphan” model is not issued from a reference model but is #agyne using
manufacturer data.

11.3.1.6. Duct Model

At this moment, no duct model has been developed. Distribution duct are sufmpstgddry
(no condensation) and adiabatic (heat exchange neglected along ducts).

2 Note that the air handler GP/GE 5 (100% recirealatir mode) is equipped with a unique fan.



[1.3.1.7. Air Handling Unit Global Model Parameters

By adding all the components of the AHU, the global AHU model is btaand can be
represented in the way showed in Figure [I-8.

Figure 1l — 8 : Diagram of AHU model

The role played and the intervention of each component is controlled bygihation laws.
The exhaust air conditions (pulsed air conditions) can be very diffamurding to the
functioning mode and the ambient conditions. With an aim of globalisatiacheoAHU
model, global parameters and characteristics are calculategl thei components calculated
characteristics (efficiencies, heat transfer coefficients)..@he characteristics of the global
AHU model are presented in Table 1I-11.

Units Laboratories Offices
Global AHU model | Global AHU model
Corresponding to... GP/GE 1,2 &3 GP/GE 4
Main fan
Flow rate m3/h 33000 5050
Pressure variation Pa 3885 1017
Efficiency % 78 77
Return fan
Flow rate m3/h 33000 3800
Pressure variation Pa 2934 651
Efficiency % 75 74
Recovery Loop
Efficiency | % | 40 | 40
Heating Caoll
heatingcoil % 38 34
Hot Water Flow rate m3/h 14.5 2.5
Cooling Cail
coolingcoil,dry % 73 60
coolingcoil,wet % 42 35
c,coolingcaoil % 90 82
Chilled Water Flow rate m3/h 40.6 4.9
Chilled Water Supply Temp.| °C 7 7
Steam Humidifier
Efficiency % 90
Steam Supply Temp. °C 110
Water Supply Temp. °C 15

Table Il — 11 ;: Parameters of the Global AHU Model



[1.3.2. Terminal Unit Model

In this model, heating/cooling terminal units are seen as sethieisnal heat exchangers (the
isothermal side is the indoor environment). Only one output is requihedheiating/cooling
load provided by the devices. These terms intervene directly in tigblee heat gains
calculation (cf. eq. 11.2.11).

In heating mode (eq 11.3.14), the heating load is computed using the indquerédune and
the supplied hot water temperature. This variable is fixed tharnke toontrol laws (detailed
below).

(11.3.14)

In cooling mode (eq. 11.3.15), the cooling load is computed using the indoor etomeerthe

constant supply chilled water temperature (corresponding to the dchilger network

temperature). The control variable X is used to modulate diréetlgdoling load provided to
the zone.

(11.3.15)

In the previous equations, K values correspond approximately to “hedetraasfficients”.
These K values are determined using the given manufacturer datapgpuasing constant and
maximal air and water flow rates. This choice is due to thetfat terminal units control
laws are too sophisticated to be easily modelled and simulatetheFutte choice of the
maximal nominal capacity allows us to investigate many rétposibilities (decreasing of
the hot water temperature level for example), while knowing #attinical considerations
would still be taken into account in a more detailed analysis @ggulon air and water flow
rates).Of course this approximation moves us away from realityHaugim of this simplified
model is only the calculation of the heating and cooling loads (Fidi®e Temperature
variations and flow rates are not taken into account here. Of comeseprisumptions of the
terminal units fans are considered in the total electrical consumption.

Figure Il — 9 : Diagram of Terminal Unit Model

As it has been done for the AHU model, a “globalisation work” hastaden realized for the
terminal unit model. The 48 terminal units are considered as one tgoivéhal unit, heating

or cooling the zone (offices).

This orphan model is not issued from a reference model but is easyné, using
manufacturer data. Indeed, only one parameter must be defined to tune this model (K value).



11.3.3. Cooling Plant Model

11.3.3.1. Air Cooled Chiller

The chiller manufacturer gives some standard ratings (in futgehdable [1-12) which will

be used to fit the chiller model. A detailed modelling of thegefant cycle is not required in

our case. Indeed, the aim of this model is only the calculation @l¢b&ical power demand

of the compressors as a function of the cooling load. Evaporation and commensat
temperatures or compressors internal performances are not studied Usng the
manufacturer data, a “correlation” model will be developed. The methagdisldased on the

work of André et al. (2006b) and is used to define the compressor powendlesaa
function of only three parameters : the exhaust chilled watgreeature (generally 7 or 8°C),

the supply condenser air temperature (equal to the outdoor temperature) and the cooling load.

Table Il — 12 : Air Cooled Chiller Manufacturer Data

The two first parameters are directly defined. The third (codtind) corresponds to the sum
of all the cooling loads of the whole building. Only two zones (offaxes laboratories) will
be modelled in the present work, so the global cooling load can be @dglssthe equation
11.3.15:

(11.3.15)

Using the data given in Table II-12 in two steps, several caomesatan be determined. First
curves (Figure 1I-10) are generated to express the cooling tapadi the compressor power
demand as a function of the exhaust chilled water temperature,ffienredi value of the
ambient temperature.

Figure Il — 10 : 1 step correlations



Basing on these curves, polynomial laws (eq 11.3.16) are obtained diorsedes of points
(Figure 11-10).

(11.3.16)

The second step is the plotting of the coefficients of the idestifielynomial laws
(eq.l.3.16) as functions of the condenser supply air temperature (Higlit. New
polynomial laws are identified to obtain usable mathematical expressions.

Figure Il — 11 : & step correlations

The final model could be resumed in the following set of equations (eqg. 11.3.17)

(11.3.17)

This methodology has already been validated using a complete detaitkd of air cooled
chiller. This mother model has also been validated by André & al. (2006k.that rating
points are re-computed with an accuracy of about 1.2%.



Unfortunately, these data correspond to fixed water temperatuggioasi of 5°C on the
evaporator side and so, correspond to a variable water flow ratetdrobgiis constraint the
model will be used to evaluate the performances and the electrical consumption dfghe chi

To take into account the partial-load functioning modes, a additional munged to convert
the full-load power already computed thank to the model previously showetdy e
manufacturer data in part load, a curve is generated (Figure.IFh® curve plots the
Electrical Load Factor (ELF, eq 11.3.19) as a function of the Codlwad Factor (CLF, eq
11.3.18).

(11.3.18)

(11.3.19)

where Qev is the actual cooling power demand at the evaporator, in W,
Qev,MAX is the full-load cooling capacity in the considered conditions, in W,
Wep is the actual electrical power demand at the compressors, in W,
WepMAX is the full-load electrical power demand in the considered conditions, in W,

Figure Il — 12 : Part Load Data

A polynomial law (eq 11.3.20) can be extracted from this curve (Ei¢iut2) and can be used
in the model to establish the connection between the known CLF and theHittFwill be
used to calculate the actual compressor power demand.

(11.3.20)



An additional easy calculation is realized to estimate the cqrtsumof the condenser fans.
The consumption is supposed to be proportional to the evacuated power.

11.3.3.2. Chilled Water Network

Three pumps are used for the distribution of the chilled water (Teb& The first pump
(F1) fed the cooling coils of the air handling units and the secondtffé23poling coils of the
terminal units. The third pump (PRIM) is in charge of the printduiled water network and
ensures the water circulation in the evaporator. These pumps aguipesl with inverters,
S0, we can suppose that they work in nominal conditions as soon as themlsg demand
in the building. Vanes ensure regulation of the chilled water network.

Circuit NS Flow Rate Manometric Efficiency Electrical
[m3/h] Height [m] [%0] Power [W]
F1 1 49 7 56 1700
F2 1 25.4 6 42 1000
PRIM 1 70 5.5 36 3000

Table Il — 13 : Chilled Water Network Pumps

11.3.4. Heating Plant Model

[1.3.4.1. Condensing Boiler

Like it was the case for the chiller, the aim of the condensidgrboibdel is just to provide a
approximate value of the gas consumption corresponding to the energy demérel

building. To achieve this goal, the condensing boiler is modelled by plesioonstant

efficiency of about 90 % (HHV based efficiency).

11.3.4.2. Hot Water Network

Two pumps are considered in the modelling (Table 1I-14). The first g@pfed the heating
coils of the air handling units and the second (C2), the heating catlie términal units. The
pumps C1 and C2 are not equipped with inverters, so, we can suppose thaorkey
nominal conditions as soon as there is a heating demand in the buildings ¥asure
regulation of these two pumps.

Circuit | Number Flow Rate | Manometric Height | Efficiency Electrical
[m3/h] [m] [%0] Power [W]
C1 1 16.9 2.3 22 500
C2 1 7.7 5 31 350

Table Il — 14 : Hot Water Network Pumps




[I.4. Inputs Of The Model

In addition to the previously defined parameters (for the building and\teC installation),
three main types of inputs are required to perform hourly simulatiowgather data,
occupancy rates and control strategies (regulation laws and set points).

[1.4.1. Weather Data

To obtain usable and interesting simulation results, realistitheedata must be used as an
input of the model. In the developed model, only outdoor temperature, relativditiyujor
corresponding humidity ratio or wet bulb temperature), solar radiadiom®rizontal surfaces
and projection factors are applied to the building and the HVAC sy$ténd contribution is
not taken into account in the concerned model.

In the present use of the model, a typical set of weather datheleasused. This set of
weather data, provided in a “lookup” Table (Figure 11-13), is based aage® carried out

over thirty years of measurements, realized in Uccle (Belgiuthese data seems to
correspond to a “soft” year without any summer or winter peakanadustration, seasonal
average dry bulb temperatures are presented in Table 1I-15). $ighteadaptations will be

done to test the model in more extreme conditions. Of course, ifvdr@yavailable, current

or more recent weather data could be used in the same way.

Figure Il — 13 : Weather Data (“Lookup Table”)

The given weather data is supposed to begin®bdathuary, at midnight. Note that, to make
calculation easier, the hour change (occurring between summer aret péniods) is not
taken into account. The model works using “summer hours” all the year long.

Winter Spring Summer Autumn
Period | 21°Dec.—2d" Mar. | 21 Mar.—20" Jun.| 21% Jun.—28' Sept.| 21% Sept—28 Dec.
AV'[ng]mp' 5.08 10.82 16.04 8.12

Table Il — 15 : Typical Weather Data — Seasonal Average Outdoors Temperatures




[1.4.2. Occupancy Rates

Occupancy factors are also provided in “lookup” Tables. These faatfitgerice the
occupancy (sensible and latent) loads. In addition to these occupararg f@gipearing in
equations presented above), functioning factors are defined to take ¢éotmathe starting
and the stop of the HVAC components. As already said in part | ofvthrls occupancy and
functioning rates are very different according to the considered zone.

11.4.2.1. Offices

Occupancy and HVAC functioning rates are plotted for a typicakweé&igure II-14. From
Monday to Friday, terminal units work from 6:00 to 20:00. The AHU works fatsn 6:00 to
20:00. On Sunday, a re-starting is programmed using terminal units between 17:00 and 20:00.

Figure Il — 14 : Occupancy and Ventilation Rates in Offices

11.4.2.2. Laboratories

Laboratories are ventilated and conditioned at maximal flow rate@rks per day, 7 days per

week. The occupancy varies between 6 people (during night) and 70 peoplerb@i®@and
17:00. Appliances function 24 hours per day too.



[1.4.3. Control Laws

In HVAC, control devices are very important and sophisticated. The hmadelf these
equipments is quite difficult and would require to know the actual coritats.

Unfortunately, these control laws are seldom accessible for @ asthe auditor. To
perform robust and accurate simulations, “home made” control lawshaustilt to regulate
the HVAC installation model.

To keep the calculations robust and easy to understand, only proportional zvaralill be
developed.

11.4.3.1. Offices
Heating

For heating, two types of control laws have been used : “Power Cdrdves” and
“Temperature Control Laws”. Initially, the model was used witbwer Control Laws”. In
this functioning mode, maximal available heating power was cadtlilgts a function of
different parameters) and the regulation variable (varying betWeand 1) was used to
modulate the actual heating power. This control variable X, waslatdd as a function of
the difference observed between the set point temperature and thaledntariable. The
proportionality gains used to define the control variable value ar¢ramilyi fixed as a
realistic compromise between control accuracy and computation stability.

“Temperature Control Laws” are based on the same principle but dprocted on the
heating power but on the hot water temperature. Supposing that the hdatings are
working at constant flow rate (with constant efficiencies and heaisfer coefficients),
required hot water temperature is computed. This hot water temmgerstobviously limited
by a maximal value, corresponding to the maximal available hotr wetgerature (about
80°C if hot water is produced by gas boilers). This type of regulgironides useful
information about a potential rationalization of hot water temperature levels.



The heating of the zone is mainly ensured by the terminal unitshanttlbsed-loop AHU’
(GP5, considered as a large terminal unit). The AHU (GP/GEg)pposed to function as a
“air treatment” device. So, terminal units ensure the follow-up of the set(@QiHeatingTu,sdS
about 23°C) and the AHU'’s heating coil intervene only to bring the frelsed air at a given
temperature {lusionsedS about 18°C for example). Control laws are presented below (eq.
1.4.1).

(I1.4.1)

Cooling

As it has been said during the description of the cooling coil modsl,ctimponent is
controlled using the contact temperature. The minimal available atoteémperature is
computed and used to define the actual required contact temperatarduragion of the
control variable (eq. 11.4.2). The principle is the same as for heatodg, cooling is mainly
ensured by terminal unitsa coolingtu,seiS about 24°C); AHU cooling coil intervene in “back
up” if indoor temperature pass over a given temperatyiedkinger,set 25°C for example).

(11.4.2)

Terminal units cooling coils are controlled using a “Power Control Law”.



11.4.3.2. Laboratories

The situation is a bit different in the laboratories. Indeed, air tonaig is fully ensured by
the three AHU (GP/GE 1 to 3). Control laws are similar to AlhJ control strategies
presented for the offices. Lower and higher temperature lingtg@spectively, 22.5 and 23.5
°C. Humidity is regulated using the same type of control laws.

[1.5. Outputs Of The Model

The outputs expected are mainly :

- the indoor air conditions, hour by hour and the variations of these conditions
compared to the defined temperature and humidity set points,

- the heating, cooling, electrical power demands and energy consumfaioaach
component of the installation, hour by hour, all along the simulation period,

- the power and primary energy consumptions (gas and electfaiitgach component
and for the whole installation (per zone or not), hour by hour, all alorgjrthédation
period,

- information about actual performances of the different componenisigieties,
COP) and about the way they are used (flow rates, temperatures,...etc).

In addition to these outputs (corresponding to the actual installatiargfitrepportunities
will be modelled and simulated on a similar year. These resiilide used to realize a
economical comparison between the different solutions.



PART III : SIMULATION RESULTS AND ANALYSIS



[11.1. Introduction

The aim of this part is to present the first simulation resAlishe moment, only the present
installation (described in the first part of this work) is congdeilhese results have already
been presented in the frame of the IEA Annex48 project (Lebrun, JagBelip, S., 2007a
and 2007Db).

[11.2. Present Situation — Simulation Results

A first simulation of the two considered zones (offices and labaeajois made, using the
previously defined model. As it has been said in the second part afdhs as-built data

have been used to define the parameters and inputs of the model.sthisfis supposed to
estimate the thermal behaviour of the two zones during a “typyealf. Only a few results
will be presented here. More interesting results will be predeahd detailed during the
analysis and the study of retrofit possibilities (Part IV).

[11.2.1. Temperature Profiles

The temperature profiles of the both zone are quite different andagaayfunction of the
occupancy loads, set points, ventilation rates and solar exposures.

[11.2.1.1. Laboratories
Figure Ill-1 shows the indoor-outdoor January temperature profile for zthee Il

(laboratories). This month has been chosen because of its low atemgugrature and its
cold peak (outdoor temperature reaching —10°C).

Figure lll — 1 : January Temperature Profile - Laboratories



The red curve shows the asked hot water temperature, used to Hesglirer passing trough
the AHU heating coils. In spite of the high air flow rate andlémeoutdoor temperature (at
time ~ 200h), the asked temperature does not exceed 60°C. This faet egplained by the
high internal sensible loads (occupancy, appliances and lights) degréeesheating demand
of the zone. Even with this “low” hot water temperature, the indoopaat (23°C) is well,
but not perfectly, maintained. Indeed, the indoor temperature curve ishquit®ntal and
near to 22°C but is not exactly equal to the winter set-point (23°@ubeof the used of
proportional control laws. A dynamic (PI) control would permit a méfieient respect of the
set point and could need a higher hot water temperature. The puldethjparature (blue
curve) is rather near to the indoor temperature and generally varies between 20 and 26°C.

The relative humidity set point is also well maintained and reetiret set point value (50%).
The remaining off-set is still due to the limitations of proportional control laws.

Figure Ill — 2 : August Temperature Profile - Laboratories

Figure 1lI-2 shows the August temperature profile. Because a24f#4 ventilation, heating
and cooling demands follow each other. Generally, heating and cooling deayameks
during night and day respectively. Of course, during this summer mdrarafterized by an
average temperature of about 17°C), hot water asked temperatoweers The pulsed air
temperature is now lower and can reach 19°C. The indoor temperatusebitbaeen 23 and
25°C and the summer set-point (24°C) is quite well maintained incpikee remaining off-
set. These quite high temperatures have been observed during several visits of the building

The relative humidity is quite well maintained during “dry” hours (Bouequiring
humidification) but reaches 60 and 70% during “wet” hours (hours requiring de-
humidification). This high relative humidity values are due to thetfat de-humidification

is not controlled in the building and intervenes only if the freshaotig reaches a given
level. This quite high relative humidity has been observed in reality.



A “thermal comfort” index has been computed and takes into accountringores of more

than 2°C compared to the set point (23°C). For the whole year, no “cold kbarag¢terized

by an indoor temperature lower than 21°C) has been counted and only 9 “hot hours”
(characterized by an indoor temperature higher than 26°C) have been cdineteel.quite

good results confirm the fact that simple proportional control laesable to ensure a good
following of the set points. The same “thermal comfort” indicel$ vé used to quantify the
quality of the set-points follow-up.

111.2.1.2. Offices

The same temperature profile has been generated for the o€ioesidering the variable
occupancy rate, daily and weekly variations are easily observablesideéring that two
heating devices (AHU heating coil and terminal units heating)oaiisure the heating of the
zone, two hot water temperature curves are plotted on Figure IHe8réld one corresponds
to the terminal units heating coils and the blue one, to the AHUnlgeatil. Because of the
variable occupancy (and functioning) rate(s), the indoor temperatureadesra lot during
unoccupied (and non-conditioned) periods. This fact is due to the low thexpaality of the
zone (light walls, large open plan floor with no important thermatsnarhese important
variations cause important heating demands (and so, important hotemaperature levels),
on very short periods, at the re-starting of the installation (daghat 6:00 and on Sunday).
The rest of the time (majority of time), the asked hot wateperature stay quite limited and
varies between 30 and 50°C. This time, the heating water asked tampesaches the
maximal hot water temperature (85°C). However, the temperatup®ise is well maintained
during occupied periods and the control strategy seems to be effeent if it causes high
peaks of heating demand.

Figure Il — 3 : January Temperature Profile - Offices



Indeed, the maximal water temperature is reached only during etsgarting of the
installation and goes down quickly to stabilize at about 45-50°C during@shefrthe day. A
more adapted heating strategy during prolonged cold periods could peranbid these
heating peaks.

Note that, for the terminal units, only the maximal air and wiater rates (corresponding to
the maximal capacity of the units) have been taken into accoumef@atculations. Reduced
air and water flow rates would require higher hot water temperatures.

As it is shown in Figure Ill-4, during summer (August for examptbg shape of these
temperature curves is quite similar. Only the temperatureslexsely because of the higher
outdoor temperature. The temperature set point is still well aiaeéd during occupancy
periods. In early morning, some heating is time to time necedealying the indoor
temperature to the desired temperature. Then, the heating demandaisapypkthe cooling
demand appears to maintain the set-point when the outdoor temperdtigieers Note that
this set of weather data corresponds to a very soft year withatgé&ak” during summer. A
slight adaptation will be applied to this set of data in further analysis.

Figure 1l — 4 : August Temperature Profile - Offices

Once again, the “thermal comfort” index has been computed. Only 4 “hat”Hoawre been
counted and no “cold hour”.



[11.2.1.3. Air Handling Units

The observation of the supply and exhaust temperature of the diffeitnof the AHU is
also interesting. In Figure llI-5, it appears that, sometimeggttwvery coil preheats the fresh
air before its cooling trough the cooling coil. This observation is quigortant and
highlights an energy wasting. Indeed, the (wasted) cooling powerisred to compensate
the heating of the fresh air due to a unwanted recovery. A simpeay strategy could be
used to avoid this type of wasting and will be detailed and simulated later.

Figure lll = 5 : Energy Wasting due to a non-controlled recovery



[11.2.2. Heating & Cooling Power Demands

111.2.2.1. Laboratories

The heating/cooling power demand of the laboratories is plotted ineFitit6. A heating
demand is required all the year whereas cooling is required onhyApril to September. As
it has already been shown, summer is characterized by altenuatiny and heating power
demands. A zoom (Figure IlI-6) on a part of the summer period cantbledact that heating
and cooling demands are never simultaneous. This observation can be dxpjathe fact
that the installation is foreseen to heat or cool the air, never to heat arkdecaml Moreover,
because of the constant ventilation rate and of the 24/24 air conditidrengpwer profile is
directly related to the outdoor conditions. As it is current in nortlenope, cooling and
heating power demands are of the same order of magnitude.
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Figure Ill — 6 : Heating and Cooling Demands - Laboratories



111.2.2.2. Offices

For the zone | (offices), the power profile is a bit differemgiiFe 111-7). Once more, the daily
and weekly variations are easily observable. For the considered zdees of magnitude of
cooling and heating powers are still similar but more distant than for the labesatori

Figure Ill — 7 : Heating and Cooling Demands - Offices

111.2.2.3. Global demands

By summing the laboratories and offices contributions, a global héadolopng power
demand profile can be plotted, as it is done in Figure IlI-8. Therkemade for the two
separated zones can be made for the global power demand : heatingokng power
demands are of the same order of magnitude. Furtherer, the compuiad hadt cooling
peaks are in good adequacy with the installed nominal heating and coalyegities
(respectively 600 kW and 400 kW). Of course, by superposing the power demahnegvod
zones, some simultaneity in heating and cooling demands can appear. Hdlisviact is
quite rare and the main part of the heating and cooling demands are in alternation.

Figure Il — 8 : Global Heating and Cooling Demands



[11.2.3. Electricity & Gas Consumptions

As Table IlI-1 and Figure 1lI-9 show it, a big part of the #ieal consumption is due to the
steam humidification devices. Ventilation (air handling units andibtelnmunits) fans also
intervene in an important way. Taking into account, lights, appliancesis(A&€C systems
(fans, pumps and steam generators), the greater part of thedwsalmption is due to the
laboratories. The central air cooled chiller is characterizedh bwery marginal electrical
consumption (about 1% of the total). However, as it is shown in Figlige doldrooms
chillers (working 24/24 and 7/7) consume a important quantity of elakcteicergy. The
whole electrical consumption (for the two zones) is about 1.26 MWh focdhsidered
typical year. Day (peak hours) and night (off peak hours) electawaumptions seem to be
balanced because of the 24/24 functioning.

Computed . :
Electrical Copnsumptions LA | VERITR (Ceme e
Wiights kWh 37461
W appliances kWh 289474
W ventilation fans kWh 270583
Wheatinq coils pumps kWh 13839
Wsteam humidifier kKWh 434388
Wlaboratories kKWh 981175
Woffices kKWh 73559
Wwater pumps (primary & secondary) kWh 17430
VVchiller (compressors & fans) kKWh 9200
VVcoldrooms kKWh 182661
Wpeak hours kKWh 678621
W offpeak hours kWh 585403
Wt otal kwWh 1264024
Table Il — 1 : Computed Electrical Consumption

Figure Ill — 9 : Electrical Energy Consumptions Repartition



It is possible to compare the previous results with the 2005 edatansumptions (Table llI-
2). Of course, only the global consumptions are given and no more detaledng of the
computed values will be done.

Measured
Electrical Unit | Yearly Consumption
Consumptions (2005
W peak hours kWh 764316
Woffpeak hours kWh 739360
Wi otal kWh 1503676

Table Ill — 2 : Measured Electrical Consumptions

Once again, day (peak hours) and night (off peak hours) electrical cothsusnseem to be
balanced. The total electrical consumption is about 1.5 MWh for the Wwhidtkng and is of
the same order of magnitude than the computed consumptions. Considerig thatfonly
two zones have been simulated, the difference between the measuoernaoted electrical
consumptions can be partially explained. Moreover, the simulation lizectaising typical
weather data, surely different from the 2005 weather. So, the agredmtween the
measured and computed values can be seen as an encouraging result yait asota
validation.

In addition to the electrical consumptions, natural gas consumption can be computed by the
model. The computed and measured values (2005) are given in Table 111-3.

Natural Ggs Unit | Yearly Consumption
Consumption
Computed Value m3 76814
Measured Value (2005)| m?3 124231

Table Ill — 3 : Computed and Measured Gas Consumptions

This time, a factor about a factor 1.6 exists between the computetthe@ measured values.
However, considering the fact that, during pre-auditing phase, the th&gnature was in
good agreement with the computed heat transfer coefficientslibvged to conclude that the
gas consumption is well explained and that the model is able toasartbe building’s gas
consumption in fair agreement. Of course, the difference betwedwdheonsumptions can
be greatly explained by the difference between the used typeather data and the 2005
actual climatic conditions and by the fact that only two zonesradelled in the present
work.



I11.3. Conclusions

The presented results seem in quite good adequacy with the ndalitgver, because of the
model limitations and of the assumptions, the results have to be cedsmkerqualitative
better than as quantitative information. The numeric values are abtasieg simplified
models and artificial typical weather data and are moreghtlslifuzzy reflection than a
photograph of the reality. But the computed numeric values of gas aotticéle
consumptions have been, quite successfully, compared to the 2005 actual consumptions.

Considering the different contributions into the global electrical wopsion, the main effort
must be done on the steam humidifiers. Moreover, a specific study wadlddhbe made on
to rationalize the consumptions of fans and appliances. The comfort andngvor
requirements (fresh air rate, humidity and temperature set pamtdyl have to be studied
and, if possible, rationalized. For example, in laboratories, theofateesh air could be
decreased during non-working time (night). The reason of using expensaem S
humidification instead of full new water adiabatic humidificatioar (Example) could be
discussed too. These adaptations and improvements, valid in most cases, the aim of
this work and are left in care of the company’s management.

More specific conclusions can be made and will be useful in the following :

- The water supply temperatures asked by the AHUs heatingaceifyuite low (for the
considered set of weather data); they do not exceed 60°C,

- The water supply temperatures asked by the TU heating caislistited during
prolonged heating periods (30-50°C), but reach high levels during re-staftihg
installation.

- Inside a same zone, heating and cooling demands are never simultaneous,

- Among the two zones considered, heating and cooling demands are sEBnetim
simultaneous, but such superposition stay quite rare and limited in amplitude.

Electrical consumptions and performances of the installation withbee detailed later and
compared to the simulation results obtained during the study of the retrofit possibiliti



PART IV : RETROFIT & IMPROVEMENT OPPORTUNITIES



IV.1. Plant Modification

IV.1.1. Recovery Strategy

Nowadays, the recovery loops are functioning at maximal glycaérwbitw rate when the
ventilation is switched on. Even if the building (or the zone) is not atiftge demand,
recovery loops ensure the heat exchange between the supply and ekhidmss.aDuring
cold periods, the recovery loops ensure the pre-heating of the aia witite good efficiency.
During very hot periods (the outdoor temperature is higher than the iretopetature), the
recovery loops can be used to cool partially the fresh air. Duringga/éemperature periods
(between 18 and 21°C for example), recovery loops can heat the fr¢&h2dir22°C) before
its cooling in the cooling coil (to be pulsed at 18-19°C). The idea ef@very strategy is to
stop the circulation of the glycol water in the loops to avoid a paérteof the air if a
cooling is required. So, the cooling demand would decrease and an economigecowdde
on the chiller consumption. The simpler strategy is to stop the ngcbgtveen 18 and 26°C
(outdoor temperature).

IV.1.2. Reversible Heat Pumping

Generally, two heat pumping modes are envisaged (IEA Annex48) :
- the condenser heat recovery (simultaneous cooling and heating demands),
- the reversible heat pumping (non-simultaneous cooling and heating demands).

In spite of this distinction, the principle is unique : a water/wateller (also called heat
pump) can be connected on its evaporator and condenser sides to, the cidlednd hot
water networks, respectively.

In the case of condenser heat recovery, the evaporator is connectwabtimg demand (and,

if necessary, to an additional heat source). At the same timeonidenser of the chiller/heat
pump is connected to a heating demand (and, if necessary, to an addd@imag) device, as

cooling tower) and covers (partially or totally) the heating demand.

In the case of reversible heat pumping, cooling and heating demandsedyesimultaneous.

So, the two functioning modes of the machine (chiller and heat pumpljssirect and not

simultaneous. This strategy requires more powerful heat sourcedparator side) and heat
sink (on condenser side). Indeed, in chiller mode, the condenser rejedtés ieaused and

must be evacuated, for example, with the help of a (direct or ihdioatact) cooling tower.

In heat pump mode, the evaporator must be connected to a reliable heat source.

As previously explained, the building considered is characterized byparabie
(simultaneous or not) heating and cooling demands, according to the petimdyefar. The
winter is mainly characterized by its heating demand. Duringstrason, the cooling demand
is almost or completely null. During summer, the building heating anting demands are
alternated according to the day/night cycle. However, cooling anchgesgimands could be
sometimes simultaneous in different rooms or parts of the building.

So, in the present case, according to the period of the year anduttaseity of the heating
and cooling demands, both reversible heat pumping and condenser heat retcaiegies
could be used to satisfy the building cooling and heating demands.



To make it possible, the actual air cooled chiller would have tofdteced by an air/water or
water only cooled chiller. Because of size and practical contimiesathe first solution has
been chosen and the air/water chiller will be considered.

This machine is cooled with two condensers, connected in parallelaimoeoled and one
water cooled. The first (air-cooled) condenser is similar toatttaal condenser, equipped
with fans and coils. The second (water-cooled) condenser allowscibveng of condenser
heat. A three-way valve ensures the control of the machine and thgisgpgdlone or both
condensers (Figure IV-1). Several temperature regimes existast be considered. On the
evaporator side, the chiller works with pure water and is able teedahilled water at a
temperature between 4 and 10°C. On the water condenser side, in heat pdeptha
machine is able to deliver hot water at a temperature from 40 to 55°C.

Since the building is already equipped with efficient and recenbgieyrs, in case of a too
limited heat source (and so, a too limited heat production at the corjdehese boilers
could be used as an additional (“boosting”) hot source. This auxiliarphateswould be call
in “back boosting” and would inject supplementary hot water in the hatrwedtwork if
required (Figure 1V-1).

Figure IV — 1 : Modified Plant



Whenever the heating of the zones considered can be ensured by hat Wat€l or less, the
boilers could be used in condensing (high efficiency) mode. In some basegater at 75-
80°C could be required and the boilers would work in non-condensing mode. Noteethat t
boilers stay also installed to satisfy the heating demands daitllee zones and floors of the
building.

On the heat source side, the available heat must be recoveredddtignal water/air coils.
These auxiliary heat transfer surfaces must be installdteiextraction duct, downstream of
the recovery coils already installed. To recover the largesiopéne heat available, the heat
pump is supposed to be able to work if necessary at the regime @fteting and leaving
evaporator water temperatures).

The indoor air is extracted at conditions 23°C/50% (laboratories s#spaind at a global
flow rate of 33000m3/h. Downstream of the direct recovery coil, théemiperature varies
between 12°C (cold day with direct recovery in heating mode) and 26°@ayetith direct
recovery in cooling mode). The additional air/water coils will beigieed to allow an optimal
heat recovery to supply the heat pump evaporator. Practical considgrais available space

in extraction ducts and pumping consumption, will be taken into account and discussed later.

IV.1.3. Change Over Technique & Re-starting

Heating the building with hot water at 55°C could be problematic. Indbedadtual heat
exchangers (AHU and TU heating coils) are designed to be suppliechet water at 75-
80°C. The lowering of water supply temperature from 75-80°C to 55°C could pnaldlems
in the follow-up of the set-points. Two adaptations will be made to enbarsatisfaction of
the demands : the use of a change over technique and the programmimg refstarting
strategies.

The laboratories are only heated by the air handling units GP1,2 & 3tiokddiiheating
surfaces must be found to ensure the heating of the zone. Hopefullpghaati cooling
demands are never simultaneous in a same zone. So, during heating trexiods)ing coil
constitutes a un-used heat transfer surface. The idea of the dvangechnique is to use this
available heat transfer surface to post-heat the air. For a givdandler and for a parallel
supplying of the two coils the change over technique is illustrateBligare IV-2. The
possibility of series supplying (to increase the counter-flow effect) hasaalse considered.

The change over technique has another advantage and would allow, by usitendaccheat
transfer surface, a decreasing of the hot water temperaturgpaad increasing of the heat
pump performances.



Figure IV — 2 : Change Over Technique on GP 2/3

The offices are mainly heated by terminal units. The contributidheohir handlers is very
limited in this zone (considering the limited air flow rate). AU is used to bring the air at
an acceptable temperature and not really to heat the zone. Thendleamits are often

supplied with hot water at reduced temperature (see part Ithelkir and water flow rates
are maintained at high level, the heating of the zone can be ensthétbw temperature”

water (55°C). High temperatures (75-80°C) are only required for heaiaks, for example
early in the morning. Supplying the TU heating coils with hot wateb5°C could pose
problems during re-starting. A slight adaptation is to modify theahce-starting strategy by
beginning the heating of the zone a few hours earlier during colddpeft@r example, in
winter, instead of beginning the heating at 6 o’clock in the morning duveek, the re-

starting could occur 4 or 5 hours earlier. A proposed strategy wildsented and simulated
later.



IV.1.4. Thermal Energy Storage

The idea of a thermal energy storage appears during the ara@lykis heating and cooling
power demands (see Part Ill). The alternations between theselemvands hide a real
potential for thermal energy storage. Indeed, supposing that, during surnimaeheat
production is totally ensured by the heat pump (what will be probablsaesge, the produced
cool at the heat pump evaporator could be stored and used during the foltmiimg
demand period. So , the use of cool storage allows heat recoverysclulimeet night time
heating loads directly, while storing chilled water to meetntisd day’s cooling load (Dorgan
et al., 1999; Roth et al., 2006)

A brief (static) example is detailed in Figure IV-3. betw&h00 and 10:00, the heat
production (about 610kWh) is ensured by the heat pump. At the same time,evaploeator

side, the produced cold energy (about 457.5 kWh, supposing a COP of about 4 fatthe he
pump) is stored in a storage tank of about 80m3 (corresponding to 465 kWipui@ &ater
storage with a T of 5°C). From 10:00 until the drain of the storage, the cooling demand is
ensured by the stored cold energy. This part of the cooling demandillg fode ! The
production of the remaining cooling demand (372.5 kWh) is ensured by the chiller.

Figure IV — 3 : Cool Thermal Energy Storage Use

Even if the heating demand is not sufficient to satisfy the foligwtooling demand,
considering the electricity costs, it is more interesting tapce the cold energy by night. In
fact, the use of this storage allows to move the chiller consumiptionday to night. This
technique is called the “load shifting”.

In addition to these two advantages, a thermal energy storagamsystable to takes
advantage of lower outdoor temperatures (allowing better performahties air condenser).
Moreover, the TES system can be used to increase the number ofhadwtslter operates at
high efficiency by controlling the TES discharge rate to coineiité the chiller's most
efficient operational regime. This energy impact varies vhth gart-load characteristics of
the chiller (Roth et al., 2006).



However, the TES system is characterized by tank thermaklbgsseg able to reach 1 to 5%
per day.

A scheme of the installation is presented in Figure IV-4.

Figure IV — 4 : Addition of a Cool Thermal Energy Storage Tank

A simple dynamic thermal storage model will be developed and usengdsimulation to
take into account the variations of COP depending of the chiller loadeveé of the
storage...etc

The possibility of a stratified (hot and cold) thermal storadebsidiscussed later. However,
this possibility will not be simulated.



IV.2. Modelling & Control

Once more, several models will be developed and used for hourly sonalafihese models
are similar to those previously developed (see Part Il) and are presentechereatft

IV.2.1. Heat Pump Model

Whereas the actual chiller is equipped with scroll compressorsoalydone air cooled
condenser, the new machine is equipped with screw compressor, one air oadiEtser and
one water condenser (or heat recovery condenser).

As it was the case for the air cooled chiller, a limited quantity of data isblafbr the heat

pump. To simplify the modelling, the machine is supposed to have two functioning modes :
- one air cooled chiller mode (using air condenser),
- one heat pump mode (using water condenser).

Theses modes could be superposed sometimes but the dynamic and theemthetween

the two modes (performances variation according to the reparatiba béat load on the two
condensers) are not really taken into account and the functioning medesodelled by

considering two distinct machines.

The method is very similar to the previously presented one. A diorelaodel is developed
using (full load) manufacturer data. The bond between the full load apathmwad regimes
is made using a unique (given) part load curve. However, a slightedifie exists : in heat
pump mode, a third correlation is generated and used to define the condenser power.

The use of screw compressors allows a better part load contitoé @hiller. Indeed these

compressors have a large operating range (between 25-100% each,esnltve — 100 %

for the machine); they are equipped with a slide vane controllechbgraprocessor system.

This type of compressors and regulation is useful to decreaseri@eassor loss, and so,
decrease the chiller energy costs at part load conditions. Ttiseflts in a part load law
very near to a 45° line (Figure IV-5). In the calculation, the wad Icurve is supposed to be
equal in heat pump and chiller modes.

Figure IV — 5 : Heat Pump Part Load Data



IV.2.2. Heat Source Model

The aim of the is model is not the accurate calculation of tuaeeed heat at the heat source
of the heat pump but only the estimation of the available (or recoegadolver by installing
an additional water/air coil in the extraction duct and by connedting the heat pump
evaporator (Figure IV-6).

Of course, the heat source available power will not always béytatsed but is only
computed to know the limitations of the heat source and the rate feintien of the boilers
(as back boosting heating devices).

First, using the recovery loop model presented in the second part efaitkisthe extracted
air state (temperature and humidity) is computed at the exhaule aEcovery coil. This
calculation is made on GP/GE 1,2 & 3.

Then, heating source available is computed using the extractidiataias the exhaust of the
static recovery loops as an input and using a classical coolingneaiél. Of course, the
needed heat transfer surface would have to be designed and optimisedr&easiness, the
additional recovery coils are supposed to be the as the existingTtieshoice is justified
because by the dimensions of the duct. The efficiencies of theseamilised to compute the
maximal recoverable power. These coils are supplied with chilkedrweoming from the heat
pump evaporator at 4°C (minimal evaporator exhaust temperature). Thee dafoihis
temperature is arbitrary but justified to calculate the makipower recoverable. The water
flow rate is also fixed at a value corresponding approximatedy temperature variation of
5°C on the water side.

The over cost due to pumping and ventilation (additional head loss) will be estimated later

Figure IV — 6 : Heat Source Scheme

Note that, to protect this new coil from freezing, the use ofoglyater instead of pure water
could be required. To avoid the overcost caused by the transformationafrteet chilled
(pure) water network by a chiller glycol water network, a plaat exchanger could be
designed and installed between the chilled water network and th@ fgp circulating in



the new coil. This fact has not been taken into account in thesetatalts but will have to
intervene in the design study of this retrofit possibility.

I\VV.2.3. Change Over Modelling

As already explained, the change over technique will allow us to heat the freshhaimovi
water at 55°c instead of 80°c, to the same set-point temperature.

The modelling of the change over technique is made in three steps :
- first, the change over technique is modelled on each air handling unit (GP 1,2&3) and
the characteristics of a larger “equivalent” heating coil are computed,
- then, the three “extended” heating coils are grouped into,
- finally, the obtained new global heating coil is implemented in the AHU model.

The most important parameters in the change over technique, assémebdy in parallel or
in series of the two coils of each AHU and into definition of the water fates. In series, the
two coils are supplied with the same flow of hot water and, of couree aame flow rate. In
parallel, an optimisation work can be realized to find the optingartiéion of flow rates in
the two coils, corresponding to a minimal pumping power. Whatever thetygssembly, the
main criteria will be the maintenance of the same air exheogperature as in the nominal
functioning mode (heating coil supplied with water at 80°C).

The calculations will be explained for the AHU GP2 or 3, then timneesaethod will be
applied to the other heating coil (GP1). The equations are the saaleeady used in the
heating coil model.

Using the results obtained in the second part of this report, vaelglkeow the values of the
heat transfer coefficient of the different coils (in dry regjiraf course). These values (for the
AHU GP2 or 3) are presented in Table IV-1.

Heating Coll Cooling Coll
Air Water AU value Caoll Water AU value Caoll
Flow Rate | Flow Rate [W/K] Eff. Flow Rate [WIK] Eff.
[m3/h] [m3/h] [%] [m3/h] [%]
11500 5.4 2371 40 15 6640 78
Table V-1

In the case of cooling coils, thermal resistances (on wateriasi@ at nominal water flow

rate are known. The nominal values, on air and water sides, have beeglated!in the
second part of this report and are, respectively, 0.00008542 and 0.00007419[K/W]. For the
heating coils, only the global thermal resistance (equal to thesene the AU value) is
known. So a guess will be made and the convective thermal resistaldes considered as

equal on the both sidegvhich is probably near to the reality).

Obviously, these (convective) thermal resistances will vary thgHlow rates. Two variation

laws will be used to compute the actual values of the resistasc&mction of the flow rates.
These laws are given by Lemort et al. (2007) and are presented ipetbe case of the
cooling coil.

3 As it has been explained in the second part sfréport (models description), only the convecthermal
resistances are taken into account. The conduttarenal resistance is supposed to be negligiblepaoimgy to
the two convective ones.



Considering that only the water flow rate will vary, the feguation won't be used in the
calculations.

IV.2.3.1. Parallel Assembly

The situation is a bit different in this second assembly. The ois are supplied with hot
water coming directly from the hot water network. This time,idiea is to optimise the flow
rates repartition in the two coils to minimize the “pumping cddf’course, the constrain of
the exhaust air temperature stay the main design criteria.

Figure IV-7 shows the principle of the calculations and the main results.

Figure IV — 7 : Change Over — Parallel Assembly Model

Imposing the exhaust air temperature, and using the water flevinrétie heating coil as the
parameter, the model gives the required cooling coil water fleav The values presented in
Figure IV-7 correspond to the optimal values.

As already said, the optimum has been computed to minimize the pungwiagnapotion.
Considering a pump efficiency of 20%, the results are presentedjumeHi-8. Electrical
pump powers are plotted as function of the flow rates ratio (flégviraheating coil / flow



rate in cooling coil). The both flow rate can vary between 0 and thenabwalue of the coill
(5.4m3/h for the heating coil and 15m3/h for the cooling coil).

Figure IV — 8 : Pumping Cost Minimization

The optimum (minimal total pumping power) point (green point) is plattedrigure V-8
and corresponds to a flow rate ratio of about 95% (the water flensrat bit more important
in the cooling coil than in the heating coil). The corresponding pumping [@evadiout 9W.
However, in spite of this lower pumping power, the total flow rateiegritom the hot water
network is greater than before. The nominal water flow rate (5.4m3fgw multiplied by a
factor 1.2 (total water flow rate = 3.129 + 3.287 = 6.416 m3/h).

Of course, this optimisation exercise is presented as an illustration and would bave t
completed by a more global study of the head loss in the water networks.

IV.2.3.2. Series Assembly

In this mode, the counter-flow effect is maximized by supplyingwizecoils in series. First,

the heating coil is supplied with hot water coming from the hot watévork. Then, the
cooling coil is supplied with the hot water coming from the heatoiy ©f course, the hot
water flow rate is the same in the two coils.

The calculation principle is presented in Figure IV-9. Supply and ekla&usonditions and
flow rate are known and imposed by the heating coil nominal values. Knongrgupply hot
water temperature, the water flow rate (4.026 m3/h) is computeddmdabé wanted exhaust
air temperature (33.9°C).



Intermediary and exhaust water temperatures, efficienciesyadles and exchanged powers
are computed by the model. It appears that the counter-flow effewximized and that the

water temperature varies between 55 and 28.6°C. It is also imgrestiote that the required

water flow rate is lower than the nominal water flow rate.

Figure IV — 9 : Change Over — Series Assembly Model

Pressure loss and pumping power are computed for the two coils usingvdhable
information coming from manufacturer data. To simplify, we will supptb&t the pressure
drops in the coils vary according to the following laws :

The coefficients j¢ and k: have been identified using manufacturer data. For the considered
water flow rate (4.026 ms3/h), the pressure loss in the cooling andndpeatils are,
respectively, 1873 Pa and 1334 Pa. Considering a pump efficiency of about [20%, t
corresponding power is about 18 W. Of course, this power is totallficiait and does not
represent the actual pumping. This value is computed in a way of dearpaetween the

two possibilities of assembly. A more realistic calculatiokinginto account the head loss
due to the piping and the valves, would have to be realized in the fuestnate the actual
pump consumption.



IV.2.3.3. Choice and globalisation work

According to practical and technical considerations the seriembaishas been kept and will
be considered till the end of this report. This assembly mode haslvhatage of a reduced
total water flow rate (lower than the nominal water flow yaédlowing a decreasing of head
loss in the entire hot water network. Indeed, supposing that the mawf gfaethead losses is
due to the piping (which is often the case) and that the head losdsrstay limited, this
solution seems more interesting than the parallel assembly.

As it has already been made, a globalisation work must be ckatizake the change over
into account in the global simulation model. The characteristica efjaivalent heating coil

will be computed using the previous results. The main results faotiedered AHU (GP 2

or 3) are presented in Figure IV-10.

Figure IV — 10 : Change Over — Equivalent Coil Model

Of course, the obtained AU value corresponds to the sum of the twotedpAta values
shown in Figure IV-9. The exchanged power is the sum of the powdrarged in the two
coils and the global efficiency reaches 60%.

The same calculation is made for the other AHU (GP1). Tabl2 $lews the global results
for the different couple of coils.

Air Water Hilli;xglgrg” Equivalent
AHU | Flow Rate | Flow Rate AU value Coil Eff.
[m3/n] [m3/h] [WI/K] [%0]
GP1 10000 5.2 3440 53
GP2 11500 4.026 5233 60
GP3 11500 4.026 5233 60

Table IV -2



Then the second step consists to use these values to define théeoktcac(Table 1V-3) of
a global heating coil (implemented in the global Air Handling Unit model).

Global Air Global Water Global Heating Coil Global Eff
Flow Rate Flow Rate AU value [%] ’
[m3/h] [m3/h] [W/K]
33000 13.252 13906 58

Table IV -3



IV.2.4. New Re-starting Strategy

In the offices, during winter, the modification of the re-startingategy consists in
programming the beginning of the heating of the zone (by termina) eaitiser. It is easy to
understand that the majority of problems could happen on Monday morningthafteng
week-end interruption. The Sunday evening re-starting could not be algééatrthe zone
sufficiently. So, this re-starting could be cancelled and anottetegyr could be programmed.
For example, the main point of this new strategy could be to all@astarting between 20:00
on Sunday and 6:00 on Monday if the outdoor temperature is lower than 5°ColTiiens
will be tested and simulated, the results will be compared later.

IV.2.5. Thermal Energy Storage Model

The physical effects (as convective fluxes and mixing) occumiregthermal storage are not
modelled, the thermal storage tank is modelled as a chargingfdischdank. During
summer (period of use of the thermal storage), the storage ripaxgiiods correspond to the
heating demands periods during which the heat pump is working (genagddtyperiods).
When the heat pump is not working, during peak hours, the tank could only be gksichar
not used. If the tank charge is sufficient to ensure the cooling derttamdstorage is
discharged. If the tank is not enough charged, the complement of cooling tpodisc
ensured by the chiller/heat pump. During off-peak hours, the thermalgestman be
discharged, not used or charged (even if the heat pump/chiller is mitedofor heat/cold
production).

The storage charging rate is proportional to the level of thegetataarge. Whatever the level
of charge, the charging power is computed supposing that the storage abeays be
charged in a defined lapse of time. Of course, if the chargeoisgl, the discharging rate
corresponds to the cooling demand.

As already said, the thermal energy storage tank is modellaccharging/discharging tank
using the equations IV.2.1.

(IV.2.1)

where Qsu,storage is the storage charging (supply) power, in W,

Q ex,storage is the storage discharging (exhaust) power, in W,
Q storage is the charge of the storage at time t, in J,

Supply and exhaust power are defined as function of several parameters as :
- the building cooling demand at time t,
- the storable cold energy, produced at time t by the heat pump,
- the charge of the storage at time t.



Considering these facts, the supply and the exhaust storage powss dafined using the
following equations (eq IV.2.2) :

(IV.2.2)

where Q storage,charge is the storage charging power, in W,
Q storage,max is the maximal charge of the storage, in J,

Q cooling demand of the building, at time t, in W,
Q storage,available is the cooling power, available at the storage tank &xima\ist
Q storage is the charge of the storage at time t, in J,

To keep the model robust, the discharge of the storage is possibiétbelactual charge of
the storage is sufficient to satisfy the cooling demand. If bzege is too low to satisfy a
given cooling demand, the storage is not discharged and waits to be charged again.

Obviously, the storage model is connected to the chiller/heat pump modgtws equations
(eq IV.2.3, Figure IV-11).

(IV.2.3)

The first equation is used to compute the cooling load allowed to ther deiqual to the
difference between the building cooling demand and the cooling power providduk by
storage). The second formula is used to compute the heat pump evaporaolgmual to
the sum of the part of the heat source available power which isandethe storage charging
power).

Figure IV — 11 : Thermal Energy Storage Model

* Note that the hypothesis that the storage camiptied in one hour (if required) is made.



IV.2.6. Control Strategy

First, each hour, the functioning of the installation can be classified in one of these two
categories :

If there is NO heating demand, the possible cooling production is ensured by the cool
thermal storage or by the chiller. In this case, the chiller works as a air choled c

and the water condenser is not used.

If there is heating demand, the possible simultaneous cooling demand is added to the
heat pump evaporator cold power. This time, the heat is sent to the hot water network
trough the water condenser but can also be partially evacuated trough the air cooled
condenser.

For this second category, a control strategy has been imaginegrdsented hereafter in the
shape of an algorithm and has been also implemented on EES.

The variables used are :

Q ev,available = maximal available power on evaporator side (heat source power,
possible cooling demand power and possible storage charging power).

Q cd,available = maximal available power on condenser side, function of
Qev,available and of temperatures.

Q ev,min = minimal cooling power which have to be produced on the evaporator side
(possible cooling demand power and storage charging pow@m®wavailable

Q cd,min = corresponding heating power on the condenser side

Q heating = heating demand of the two zones

Qboiler = heating power produced by the boilers (working in “back boosting” mode)
Q cd,HP = the actual hot power produced at the water condenser

Qev,HP = corresponding cooling power produced at the evaporator

Qused,heatsource = part of the heat source power which has been used to produce the
asked heating power.



Control Strategy :

IF Q cd,available <Q heating
Qboiler = Qheating -Q cd,available
Qcd,HP =Qcd,available
Qev,HP =Qev,available

In this first case, the heating demand could not be fully satisfied by the heat pump t(the hea
source on evaporator side is too limited). The boilers work in “back boosting”.

ELSE IF Q cd,available >Q heating
Qboiler=0
Qcd,HP =Q heating

In this second case, the heat pump is able to satisfy the whole heating demand but two
possibilities must still be envisaged.

IF Qcd,min <Q heating
QAirCondenser = 0
Qev,HP =Qev,min + Qused,heatsource

In this first “sub-case”, the minimal cooling power to produce on the evaporator side does not
cause a sufficient heating load on water condenser side to satisfy the heating.ddmea

heat source (extracted air) is partially used. The exact heating demand isegdrodweater
condenser side. The air condenser does not work.

ELSE IF Qcd,min >Q heating
QAirCondenser =Q cd,min - Q heating
Qev,HP =Qev,min
Qused,heatsource = 0

In this last “sub-case”, the minimal cooling power to produce on evapiae cause the
production of a too important heating load on condenser side. The water corelesges
the providing of the heating power to the hot water network. The remdiraigs evacuated
trough the air cooled condenser. This sub-case occurs generally whiévedtng demands
occur simultaneously with important cooling demand.

END
END

This control strategy is supposed to be near to reality and wilised to calculate the
consumptions of the new installation.



PART V : MODIFIED PLANT - SIMULATION RESULTS



V.1. Introduction

Using the models described in the fourth part of this report, somdasioms are made to
compare the different retrofit possibilities. Five installati¢reled systems n°1,2,3,4 and 5)
are to be considered :

1) Actual Installation : Heating by gas boilers, Cooling by Air-cdatailler, no recovery
strategy,

2) Addition of a simple recovery strategy : the brine circulatiorreéoovery loops is
stopped for an outdoor temperature between 18 and 26°C,

3) Replacement of the Air-cooled chiller by a dual-condenser chitidr leeating by
using it in heat pump mode with the extracted air as heat source,

4) Use of a change over technique in AHUs and programming of an adajsizoitirey
strategy,

5) Addition of a cool thermal energy storage to allow “load shifting”.

The first case has already been presented in the third pars oéplart. The simulation results
for the others cases will be detailed and presented hereafteallolo comparison, the
simulations have been realized using the same set of weather data.

A second (fictitious) set of weather data (Figure V-1) has lgeeerated and used for some
additional simulations. This weather data set has been obtained bpasipgrthe original
temperature curve and a sinusoid (black curve). The relative humidityadar radiations are
not modified.

Figure V - 1 : Temperature Data Modification

This superposition gives a more severe annual temperature profilacteniaed by a colder
winter and a hotter summer.



V.2. Simulation Results

V.2.1. System n°l — Actual Installation

The simulation results (based on original weather data set) abtdaeks to the modelling
of the actual installation (building and HVAC system) have beerepted in the third part of
this report. They are now more detailed in Table V-1.

C OE]ISGS :;Igﬁtl)ns Unit | Yearly Consumption
Wiights kWh 37461
Wappliances kWh 289474
erntilation fans kWh 270583
W heating coils pumps kWh 13839
Wsteam humidifier KWh 434388
VVhot water network pumps5 kWh 8311
W cold water network pumps6 kWh 4350
Wwater networks pumps (secondary7) KWh 12661
WchiIIer (compressors only) kWh 8592
Wcondenser fans kKWh 608
Wevaporator pump (primary)8 kKWh 4769
Qcooling demand kWh 43082
VVcoldrooms kKWh 182661
Wpeak hours kWh 678621
Woffpeak hours kWh 585403
Wt otal kWh 1264024

Compute_d Unit | Yearly Consumption

Consumption
Qheatinq demand kWh 765862
Qgas kWh 850958
ans m3 76814

TableV -1

The conversions of the heating and cooling demands in gas and elexrisamptions are
realized using the boiler and chiller models, respectively.

The cooling demand (Qiing deman) IS the cooling power consumed by the cooling coils of the
HVAC installation (AHU and TU). The low value of this demand is tuéhe used weather
data set and its “soft” summer. The corresponding chiller etattonsumption is also quite
low and give a yearly global COP (Coefficient of Performancesoling energy demand/
electrical compressors consumption) of about 5. By taking into accountukidary
consumptions (as primary pumps and condenser fans), the EER (Enacign&yf Ratio :
cooling energy demand/ [electrical compressors, condenser fans apdragea pumps
consumptions]) can be computed and is about 3.1. These values might be inkstiopThe
used model could be improved by using more accurate and complete part load data.

® Primary Hot water network pumps (C1,C2,C3 & C4)
® Primary Cold water network pumps (F1 & F2)
"sumof2 &3

8 Evaporator Pumps (PRIM)



As explained in the third part of this work, the gas consumption is cechpgayt using a
constant average HHV valte

V.2.2. System n2 — Recovery Strategy

V.2.2.1. Temperature & Power Profiles

The used recovery strategy is very basic and simple, but good enoufk fiesired effect.
Stopping the direct recovery for outdoor temperatures between 18 and 26A€ aegood
way to avoid energy wasting. For the zone Il (laboratories), €iyt2. shows that the
energy wasting due to the bad recovery strategy is avoided. The est&kng power is
decreased and the chiller consumption too.

Figure V — 2 : System n°2 — Temperature Profile

Indeed, when the outdoor temperature (black dotted curve) reaches 18°C;overyras

stopped and the exhaust recovery coil temperature (blue curve) ig@tjulfirst one. Then,
the cooling demand corresponds only to the cooling power (blue-green cequied to

bring the pulsed air temperature to the wanted value.

Of course, the indoor temperature profile is only very slightlyuariced by this adaptation
and the set-point seems to be well maintained. However, the nepatinteof this simple
control strategy is the risk of a non optimised recovery. |dedlyreécovery loops would be
controlled in function of the building heating demand. In case of no suffieeailable
heating power at the recovery coils, the heating coils (suppligdwater coming from the
hot water network) should intervene. To keep the models robust, only thes siogiol
strategy has been tested.

The previously defined “comfort indices” have been calculated and lggveame results as
for the initial installation and recovery strategy. So, considehag the realized adaptation
ensures the same comfort level as the initial installation, the mainacrge&tonomical.

® HHV value given by the natural gas provider.



Figure V-3 shows the difference between the two cooling demand profilee first

(n°1,black curve) corresponds to the initial situation whereas the sectiidb{ue curve)

corresponds to the new recovery strategy. The absolute differeplmtes] in red and vary
between 0 and 25kW.

Figure V — 3 : System n°2 - Cooling Demand Profiles



V.2.2.2. Economical Aspect & Conclusion

To quantify the influence of this slight adaptation on the performasfcébe installation, the
detailed consumptions are shown in Table V-2.

c OE]ISGS :;Igﬁtl)ns Unit | Yearly Consumption
Wiights kWh 37461
W appliances kWh 289474
erntilation fans KWh 270583
W heating coils pumps kWh 13056
Wsteam humidifier KWh 432497
Wlaboratories kKWh 978529
W offices kWh 73531
Whot water network pumps kWh 8485
VVcold water network pumps kWh 3948
Wwater networks pumps (secondary kWh 12433
VVchiller (compressors only) KWh 6463
W condenser fans kWh 438
Wevaporator pump (primary) kWh 4328
Qcoolinq demand kWh 30788
W coldrooms kKWh 182661
Wpeak hours kKWh 675258
W offpeak hours kWh 583124
Wiotal kWh 1258382

Heat Consumption Unit | Yearly Consumption
Qheatinq demand kWh 770197
Qqas kWh 855774
ans m3 77249
Table V -2

As it has been said, the simple and arbitrary characters ofetnerecovery strategy could
cause an increasing of the gas consumption in addition to the decreashmey electrical

consumption (because of the removal of the energy wasting). Unfortyriatslfact has not
been avoided and the gas consumptions increases slightly.

The variations of the electrical and gas consumptions are presented in Table V-3.

Unit | Systemn°l | System n°2
Qcooling demand | KWh 43082 30788
W chiller kwWh 13969 11229
Wi otal kwh 1264024 1258382
Elec. Cost 119125 118578
Wees m3 76814 77249
Gas Cost 33051 33238

TableV -3




The chiller electrical consumption (compressors, fans and evaporat@spulecreases of
about 2719 kWh. The decreasing of the total electrical consumptiontigmedier due to the
variation of the distribution pumps consumption (function of the cooling/heatiilg
functioning rate). The global saving is of about 54year (for the considered typical yedr)
The gas consumption increases from 76784 ms3 to 77224m3. This increasingtcs tee
simplicity of the control strategy and corresponds to an overcosioot 487 / year. So, the
net saving is of about 360 year. The investment is supposed to be null because, no more
equipments have to be installed. In fact, the cost is limited tdefieition of an additional
control law in the BEM (Building & Energy Management) softwakeven if this
improvement seems quite marginal and has reduced consequences, ientakéen into
account, because of its simplicity and because the aim of thisisvtir& improvement of the
global performances of the installation.

This improvement seems to be successful and is kept for the foll@vimgations. These
numerical results will be considered as reference for the future comparisons.

10 Electricity costs are computed by using actual r@oent tariffs. The prices are : 0.1158Wh,peak and
0.0696 /kWh,offpeak. The gas tariff (HHV) is 0.0348Whgas.



V.2.3. System n3 — Heat Pumping

V.2.3.1. Temperature Profiles
Zone Il : Laboratories

The temperature profiles (outdoor, indoor, pulsion and hot water tempeyatioreshe
laboratories, are plotted in Figure V-4. The first Figure (V-4oag@sents the results
corresponding to the actual installation whereas the second one (Midw3 she results
corresponding to a heating by a heat pump of which the condenser exhzndemaerature
is limited to 55°C. For the considered typical weather data, therelite between the two
plots is very limited. Indeed, the hot water temperature profilesery closed because of the
low maximal temperature reached in the case of the actualllatisin (about 57°C) .
Considering this fact, the set-points are quite well (but not gbffenaintained : the indoor
temperature does not pass under 22°C in the new situation when it iméaimed at 23°C in
the initial situation.

(@)

(b)

Figure V — 4 : System n°3Laboratories Temp. Profile

However, even if the solution seems tempting, during this typicat) (Sahuary, the
installation reaches already its limits. In the case of decalinter (with outdoor temperature
reaching —12 or —15°C for example), the new installation does not sdmmatile to ensure
the follow-up of the set-point in the considered zone. Of course, the hysedipoint is well
maintained; the humidification devices have not been modified.



To illustrate this fact, the previously presented modified weather data setlisThe results
for the both systems (n°1 and n°3) are shown in Figure V-5 (a and b, respectively).

(b)

Figure V — 5 : System n°3 — Laboratories Temp. Profiles (modified weather data)

This time, the difference is marked and obvious. In the initial situathe hot water
temperature reaches 60°C to maintain the set point. Obviously, in theitueton the hot
water temperature is limited to 55°C. So, the follow-up of the set-pnot guaranteed and
the indoor temperature reaches 20.5°C. The chosen solution is the chantgeluvigue; it
will be discussed in the following paragraph.



Zone | : Offices

As it is shown in Figure V-6, the situation is a bit differentha second zone (the offices,
zone |). As it was the case in the initial system (Figur&.a), the hot water temperature
reaches its limit during re-starting of the installation (Figure V-6.b).

(a)

(b)

Figure V — 6 : System n°3 — Offices Temp. Profiles

The new value of the maximal hot water temperature (55°C inste88°@Qf) causes some
problems during re-starting and delays the reaching of the settpoiperature. A zoom on
the second week of January is plotted in Figure V-7 and the defl@med in pink. A new
re-starting strategy must be used and will be simulated imgkeparagraph. However, the
terminal units seem to be able to work at low outdoor temperatdhnelimited hot water
temperature. A change over technique on the AHU coils is not requireld; laedefinition of

a new control strategy of the air and water flow rates iruthies is enough to satisfy the set-
points.

M But may be used to decrease the hot water tenyerand increase the heat pump COP



Figure V — 7 : System n°3 — Offices Temp. Profiles (zoom)

The same conclusion can be made by realizing simulations using the modified sahef wea
data.

The summer temperature profiles are not modified; the cooling deateestill supplied with
chilled water at 7°C and are not influenced by the replacement airticseoled chiller by a
dual condenser chiller.

V.2.3.2. Conclusion

As already supposed, the use of low temperature water (55°C) fanchemafy cause
problems during winter. The indoor temperature deviates from the sgttpoiperature and
the room can become too cold for occupants. To ensure the respect oft comdiitions and
to improve the heatpump COP, several adaptations have to be made. Dofssatons
have been detailed and presented before and are :
- use of change over technique to increase the heat transferes{afac decrease the
asked hot water temperature),
- envisage adapted re-starting strategies to obtain the waetegerature during
occupancy periods.



V.2.4. System n4 — Heat Pumping & Installation Ada  ptation

In this case, the both considered adaptations (change over in laboratories AHU artohge-sta
strategy in offices) are implemented in the model.

V.2.4.1. Temperature Profiles
Zone 1l : Laboratories

The January temperature profile is plotted in Figure V-8. Usinghiamge over technique,
the indoor temperature is easily maintained to the set-point (23i@ed, the asked hot
water temperature reaches only 39°C. Knowing that the maximal veahperature is 55°C,
the security margin should be sufficient to ensure the follow-up afehpoint in any outdoor
conditions.

Figure V — 8 : System n°4 — Laboratories Temp. Profiles

Even during cold periods (cf. modified weather data), the set point ammdthfort conditions

can be maintained. Moreover, the use of the change over and the functioredgced hot

water temperature allows to increase the heat pump performdmycetecreasing the
condenser exhaust water temperature. Note that, the change ovequechas been used
only during heating period. During summer, the installation works in classical mode.



Zone | : Offices

The January temperature profiles of the offices has been plottiedure V-9. The new re-
starting strategy concerns only the terminal units and alloviredb the zone from 20:00 on
Sunday evening till 6:00 on Monday morning (current starting of the lsusdal) and during
cold periods (outdoor temperature below 5°C). To minimize the energy cptisomthe
initial ventilation control strategy has been kept and the AHU wonkg from 6:00 to 20:00
during week. The use of this new control strategy increaseslglightheating demand of the
zone but ensures the follow-up of the set-point since the beginning ot¢bpancy period.
Of course, the initial re-starting strategy (on Sunday eveniom f7:00 to 20:00) has been
removed and replaced by the new one.

Figure V — 9 : System n°4 — Offices Temp. Profiles

The adaptation seems to be successful : the indoor comfort condittogaaaanteed during
occupancy periods (from 8:00 to 17:00). In Figure V-9, this fact is esguledy the
simultaneity of the decreasing of the asked hot water temper@onesponding to the
relaxation of the control law) and the beginning of the occupancy perldas.comfort
indices can be computed and give no cold hours (indoor temperature 2°C below the set-point).

The same sort of strategy could be used in the case of very cadsp@Ef. modified weather
data). Indeed, in this case, the heating could be maintained 24/24 to avoid the paghkheur
re-starting of the installatidh The limited number of cold days in our regions should not
make this strategy too expensive.

2 During summer, the same sort of strategy couldidesl (pre-cooling) and would be cheaper due tdaive
price of off-peak electricity.



V.2.4.2. Power Profiles

The heating demand, plotted in Figure V-10 (red curve), is mainbfisdtiby the heat pump
production (blue-green curve). The interventions of the boilers (as backAgodstvices,
black curve) are limited in amplitude and in frequency. Indeed, the dmnag of the boilers

is required when the heat source is unable to provide the sufficient pmwkow the heat
pump to produce enough heat on condenser side. At the bottom of the plot, thblevail

power at the cold source (orange curve) and the really used phis pbtver (purple curve)
are plotted in negative values.

Figure V — 10 — System n°4 — Power Profiles

A zoom of the previous curve is plotted in Figure V-11.

Figure V — 11 : System n°4 — Power Profiles (zoom)

As already said, the boilers intervene only when the cold source pewet sufficient to
allow the satisfaction of the heating demand (red curve) by the Plgap. This situation
corresponds to a non null boiler's power and a used power on heat sour@xsatted air)
equal to the maximal available power. The intervention of these “baokting boilers”
seems limited and quite rare. So, the yearly gas consumption should largelyadecreas



V.2.4.3. Consumptions & Performances

The electrical and gas consumptions are detailed in Table V-4.

c oEnlseS :;'gﬁlms Unit | Yearly Consumption
Wiights kWh 37461
W appliances kwWh 289474
W ventilation fans kWh 270583
Wheatinq coils pumps kKWh 13110
W steam humidifier kWh 428057
W aboratories kWh 974330
Woffices kKWh 73546
VVhot water network pumps kWh 8506
W cold water network pumps kWh 3837
Wwater networks pumps (secondary kWh 12343
Wcondenser fans kWh 494
VVcoldrooms kKWh 182661
Qcoolinq demand heatpump KWh 30011
Qheating demand heatpump kWh 732411
Wevaporator pump (primary) kWh 26868
Wcondenser pump (primary) kWh 7?7
Wheatpump/chiller (compressors) kWh 155839
Wextraction fan over consumption13 kKWh 22053
W peak hours kKWh 775758
W offpeak hours kWh 672345
Wiotal kKWh 1448103

Computgd Unit | Yearly Consumption

Consumption
Qheating demand boiler kKWh 16973
Qgas KWh 18859
Vgac m3 1702

TableV -4

Considering these results, the first observation concerns the gasngiios. As expected,

the gas consumption is strongly reduced and passes from 77249 m?3 ([$}&te¢mn 1702 m3
(system n°4), which corresponds approximately to a division by 45. Indeethoas in
Figure V-12, the larger part (97.7 %) of the heating demand is ensytde heat pump and
only a small part (2.3 %) is ensure by the gas boilers. Of cabesese of the heat pump as
heating system causes an over-consumption of electrical energygl®bal electrical
consumption passes from 1.258 MWh (system n°2) to 1.448 MWh (system n°4). This
increasing is also partially due to the over consumption of thecértiafan caused by the
head loss in the additional recovery coils (about 22053 kWh).

The chosen type of modelling allows us to compute the consumptions ar einidl heatpump
mode separatel§ The heat pump mode consumption is about 148197 kWh without taking

13 Over consumption due to the head loss causedebpstallation of additional recovery coils in taetraction
duct.



into account the consumptions of the pumps (on evaporator and condenser siadghand
condenser fans. Note that the water pump on condenser side has not lpeddesd is not

taken into account in these calculations. The current pumps are suppdsethéowork and
function during heating periods. The pump on evaporator side is supposed to have a
consumption similar to the current pump, but working during cooling AND heating periods.

Thanks to the change over technique, the heat pump may work at a low corelérReest
temperature and is characterized by a quite goodn&RQRpmode(delivered heat / heat pump
compressors consumption) of about 4.95. An EER can be computed for the heat pump by
taking into account the overcost due to the additional head loss in extraction ductsRiés EE
about 4.3. Moreover, the change over technique, in series assembly, allgark &t reduced

hot water flow rate and may decreases the head losses in tvatbohetwork. The overcost

due to the additional head losses in the cooling coil has not been takanaatint and seems
negligible compared to the head losses in the water network.

A global COP of the chiller/heat pump can be computed by taking istuatthe heat and
cool production. The obtained C@Rermeapump(delivered heat + cold / heatpump-chiller
compressors consumption) is also of about 4.9. Considering the consumption ofgmamps
the over consumption of extraction fans gives an EER of about 3.7. Notheéhatndenser
pump has not been taken into account in this calculation but only the evaporator one.

Figure V — 12 : Heat Productions and Electrical Consumptions repartitions

Of course the relative importance of the heatpump/chiller inseasthe global electrical
consumption and reaches 11% (Figure V-12). However, the main part oflettecal
consumption stays caused by the appliances, pumps & fans and, esp#walsteam
humidification.

¥ The heatpump mode corresponds to a productioratfand cool. The chiller mode corresponds to ngoli
power production, only.



The costs corresponding to the calculated consumptions are presented in Table V-5.

Unit | Systemn°2 | System n°4
Wi otal kWh 1258382 1448103
Elec. Cost 118578 136395
Vgas m3 77249 1702
Gas Cost 33238 733
Total Cost 151816 137128
Saving / year 14688

TableV -5

V.2.4.4. Conclusion

The use of a change over technique coupled with reversible heat pumeing able to
provide good results and performances. Indeed, the use of availableahstdrtsurface by
using this technique allows to ensure the heating of the consideredmologs temperature
hot water without using expensive adaptations and particular heatingeslgfas heating
ceiling or walls).

The coupling of the change over technique with the definition of effieiedtintelligent re-
starting and control strategies ensures good performances and tidvalow-up of the
comfort conditions.

The natural gas consumption has been largely reduced but not totailled because of the
limitations of the available heat source. The current condensing ailerused as “back
boosting” devices, when required.

The gas and detailed electrical consumptions have been computed andecomiplra
previous scenario (system n°2). Energy and money savings have been efliaBuen if
these adaptations seem to be successful, a detailed economiaadtienalof these
money/energy saving measures will be presented hereafter.



V.2.5. System nS — Thermal Energy Storage

As already said, the installation of a thermal energy staratfee considered system has four
objectives :
1) the storage of the “free” cold energy produced at the evaporator dierignctioning
of the heat pump
2) the shifting of the load from day (high outdoor temperature, high ieigctorice) to
night (lower outdoor temperature, low electricity price), allowbogimprove air
condenser performances and money saving,
3) the increasing of the number of hours that chiller operates at dagh(dnd so, high
efficiency)™,
4) The )lsﬁhifting of the load in heat pump mode also (using the samensiststore
heat)”.

Of course, this thermal storage will be used during summer, whemgaahd heating
demands are in alternation.

The design of a cool thermal energy storage system can be based on sevéaal criter
- average and maximal cooling/heating demands,
- costs of peak and offpeak electrical kWh,
- the cooling/heating capacity of the chiller and the charging power of the storage

Six tank capacities have been tested : 25,50,75,100,150,200 m3. These volume sapacitie
correspond to 145,291,436,581,872 and 1163 kWh of “cold energy” by supposing a constant
water temperature variation of 5 K between the supply and the exiiahstevaporator and a
constant water specific heat of about 4187 J/kg-K.

The tank charging rate is defined as a function of the currentdéeglarge of the storage to
allow a full charging of the tank in 6 hours. Of course, this chamgitggcan not exceed the
chiller capacity. The choice of a 6 hours period is arbitrary buttitates a fair and realistic
approximation.

5 The required control system to allow this typenérgy saving has not been implemented in the huseel.
18 This possibility has not been taken into accdmitite present work.



V.2.5.1. Power Profiles

Using the model previously presented with a tank volume of 25 ms3, theasiomgl have been
realized and give the results plotted in Figure V-13.

Figure V — 13 : System n°5 — Chiller Loads and Storage Charge Level

In Figure V-13, the cooling demand of the building is plotted in black anga&ed to the
part of this demand which is ensured by the storage (blue curve)edlwainve corresponds
to the (air-cooled) chiller load, intervening when the storage taeiny. It appears that the
storage tank is quickly emptied. So, the chiller is forced to imert®quently to compensate
the limitation of the thermal energy storage system. Moredverchiller curve (red curve) is
very near (in amplitude and shape) to the cooling demand. Indeed, tleel limérventions of
the storage are too limited to remove significantly the cooling demand peaks.

The decreasing of the (air-cooled) chiller load is due to thehatthe cooling load is shifted
from daily periods (characterized by cooling demand only) to nighbgeicharacterized by
heating and, sometimes, cooling demand). So, by considering the chilléreamelatpump as
two separated machines (equipped with air-cooled and water-cooled candesyzectively),
the cooling load is shifted from the air-cooled chiller evaporattingcheat pump evaporator
and the air-condenser functioning rates is largely decreased.

The third curve (the pink one) corresponds to the charge of the stgsigm sn kwh. Of
course, the periods of intervention of the chiller correspond to a etopages tank (Qorage=
0 kwh).



The same plots are realized using a thermal storage tank ati7Z%8 m? (Figure V-14.a and
V-14.b). The others results (for tanks of 50,100 and 150m3) will not be presentaded in
the economical study.

(@)

(b)

Figure V — 14 : System n°5 — Storage Tank Capacity Comparison

Using a TES system of 75 m3, the chiller load is more lardelyreased and the storage
system seems able to reduce the amplitude of peaks. In the @&0®im3 storage, the TES
system is able to cover all the cooling demand peaks and allovehittieg of almost the
whole chiller consumption from peak periods to offpeak periods.

Of course, using a TES system, the rate of use of the heat gexn@eted air) of the heat
pump is decreased. Indeed, the evaporator load due to the storage cletmyirsgoften
enough to allow the production of the required heat on condenser side. Hovmwver, t
observation has no real advantage because occurring during summer, wheat theurce is
largely sufficient to ensure the heating of the building.



V.2.5.2. Consumptions

The electrical consumptions for the different capacities of thermal st@nakg are shown in
Table V-6.

Unit | Case n°1| Case n°2| Case n°3| Case n°4| Case n°5| Case n°6
Storage Vol.| m?3 25 50 75 100 150 200

Peak — 1\\wh| 773250 | 771717| 770568 769788 769026 673976
Consumption
Offpeak |\ \wn| 672504 | 672871 673209 673484 673801 768841
Consumtion
Total

. |KWh| 1445844 | 1444588 1443774 1443267 1442917 1442817
Consumption

Total Cost 136122 135965 135855 135784 135725 131355
TableV -6

In Figure V-15.a, the variations of peak and offpeak total electioakumptions are
expressed as function of the storage tank volume. As expected, thecqeakmption
decreases whereas the offpeak consumption increases. Thisufcatéls the “load shifting”
principle. The difference between the two variations is due to theHat the storage is also
used to exploit the cold energy available at the heat pump evaporatay deating periods.
As already seen, the use of a larger storage tank allowsft@stiistore a larger quantity of
energy and increases the difference between the two consumptions.

(a) (b)

Figure V — 15 : System n°5 — (a) Electrical Consumption Variations — (b) Money Saving

The saving can be calculated by comparing the results of Tabl® W& consumptions and
costs corresponding to the system n°4 and is plotted in Figure V-15.baVvihg seems to
reach a maximum near to the maximal envisaged capacity. Intieethst point corresponds
to a quasi total shifting of the chiller consumption and optimal usthefcold energy
available at the evaporator of the heat pump during heating periods. Hptnevenarginal
gain decreases when the tank capacity increases. The useochge sank of about 75 m3
seems to be a good compromise between the induced saving and thehesé&frekt cold
energy produced by the heat pump.



V.2.5.3. Conclusion

The advantages of Thermal Energy Storage system in the codsidstalation have been
highlighted in the different simulation results. The energy and msaengs have been also
guantified. However, even if this last adaptation seems able to prgeo@ results ,an

economic evaluation of this energy/money saving measure must kzedeahd is presented
below.

It must be noted that the reference weather data is chazadtéy a quite fresh summer and
that potential of a TES system could increase in the casewafrraer summer. So, it is
allowed to suppose a better use of the TES potential in realityhencapacity of the tank
cannot be designed by only considering the presented results. Howeagacaycof 75m3 is
conserved in the economical calculation.



V.4. Economical Aspect

V.4.1. Initial Investment and costs definition

As already said, the two last improvements (systems n°4 and n°5) will be now compared to
the second system in a economical way. First, the values of the different invedtanento
be estimated. These values are presented in Table V-7.

System n°4
Dual Condenser Chiller/HeatPump [ ] 50000
Piping and pumps 10000
Re-starting strategy Adaptation [ | 0
Additional Recovery Coils [ ] 10000
Installation [ ] 20000
Total Investment [ ] 90000
System n°5
Thermal Energy Storage System [[kWh
7 6-21
storagef
Table V-7

Excepted the electricity and gas costs, no operation cost is taken into account. e Ther
Energy Storage system price is given by Roth et al. ([19], 2006).

V.4.2. Evaluation Methods

Considering these estimated costs, three methods can be used to evaluate thenpoteytial
saving :

- the Payback Time method (PBT),

- the Net Present Value Method (NPV),

- the Internal Rate of Return method (IRR).

The first method is used to compute the payback time without takingaitdount the
variations of the costs, and values of cash flows with the timesd@¢end method is used to
compute the evolution of the cash outflows and inflows and their influenteeopayback
time. The third method gives an information on the quality of the inwgtiend allows to
compare it with other investment (for example).

These economical calculations are often realized in the cas®wdmic evaluation of energy
saving measures (Pilavachi et al., 2007).

V.4.2.1. Payback Time Method
The payback time method is a little bit more basic but can gis#yean estimation of the

return on investment time and is expressed by the report betwesgntitlanvestment and
the yearly estimated cash flow.

" For a temperature variation of 5K



V.4.2.2. Net Present Value Method

The Net Present Value (or NPV) approach describes a method toavahogect using the
concepts of the time value of money. All future cash flows aimatgd and discounted to
give them a present value (the Discounted Present Value, DPV).

The equation V4.1. express the value of the discounted present value.
T
DPV = _Chn (V.4.1)

Where DPV is the discounted present value of the cash flow CF
CF; is the net cash flow of year n (inflows — outflows)
k is the discount rate, function of the interest rate, the risk ointhestment and the
current market
T is the number of years for which the economic evaluation is agkaérally equal
to the investment’s economic lifetime).

The net present value is computed by comparing the discounted presentoviddaeanitial

investment (INV, Eq. V.4.2.). The considered investment should be realised Ny > 0

after an acceptable number of years. This number of years corregpdhd return on
investment time (also called “payback time”).

NPV=-INV+DPV (V.4.2)

In our case, the net cash flow is the difference between the shwnip the decreasing of the
gas consumption and the overcost due to the increasing of the elexinsamption. These
two terms vary as a function of time because of the variationkeotost of energy. The
electricity cost is supposed to increase of 1 to 3% per yeandtheal gas cost is supposed to
increased of 3 to 6% per year.

V.4.2.3. Internal Rate of Return Method

The IRR evaluation method aims at the determination of the discdenp that renders the
present value of future discounted net cash flows of an investmentvatuéhe initial cash
outflow (initial investment). The IRR is this discount rate, remdgethe examined investment
marginal and constituting the higher interest that can be paid byaeastor for finding the
capital that is required for an investme8b, a project is a good investment if its IRR is
greater than the rate of return that could be earned by alterimategments. The discount
rate (IRR) can be determined from the equation V.4.3.

_ T _Ch
0=- INV +n:1w (V.4.3)

Where INV is the initial investment
p is the Internal Rate of Return



V.4.3. Economic Evaluation of System n%4

Using the simple PBT method, the calculation of the payback tines,gapproximately, a
duration of about 6.1 years.

In the Net Present Value Method, three cases have been envisageaptimistic one, a
pessimist one and an average one. These cases are charabteuiéerent values of the
discount rate, the variation rate of energy cost, etc (Martin, 2008s€eTvalues are shown in
Table V-8.

Optimistic case | Average cast| Pessimist cas ?
Igas 6 % 4.5 % 3%
ielectricity 1% 2% 3%
Kdiscount 6 % 8% 10 %
TableV -8

Obviously, the optimistic case corresponds to an important increasthg aatural gas cost
and a reduced increasing of the electricity cost. These ratesg important increasing of
the saving years by years. The pessimist case correspondsiler siamiations rates of
energies costs. The discount rate is very hard to determine. Hotieveurrent average
values varies around 8%.

The evolutions of cash inflows and outflows are plotted in Figure V-16@selevolutions
bring to the results shown in Figure V-16.b.

(@)

(b)

Figure V — 16 : System n°4 — (a) Cash Inflows and Outflows — (b) Net Present Value

As shown in Figure V-16.b, the payback time is included between 5 ands3 Vba average
hypotheses correspond to a payback time of about 6 years. These vamess tsebe
reasonable and the investment could be quickly profitable.

The IRR has been computed and varies between 4 and 9%. The average @&ypothes
correspond to a IRR of about 6.5%. This result is quite good comparing ¢artkeat rate of
interest.



V.4.4. Economic Evaluation of System n%

For this calculation, a TES tank of 75m3 has been chosen and correspontdsnitak
investment varying between 2616 and 915%n average initial investment of about 5900
has been chosen for the calculations.

This time, using the PBT method, the calculation of the payback time gives about 11 years.

The NPV calculation is also made and, using the three sets ahgiara (optimistic,
pessimist and average), gives the results plotted in Figure V-17 (a and b).

(a) (b)

Figure V — 17 : System n°5 — (a) Cash Inflows and Outflows — (b) Net Present Value

As shown in Figure V-17.a, the increasing of the inflow is quite inapbrtiue to the
increasing of the electrical energy cost. This variation cachr80 % in the optimistic case.
However, considering the high initial investment and the reduced ymdibyw (due to
electrical energy saving), the payback time is very long arahesahe economic lifetime of
the system (about 20 years). This is due to the fact that theagieg rate of the electricity
price and the inflation rate are comparable. The method gives patipae& included
between 16 and 20 years.

Obviously the IRR is very bad and varies between 0.4 and 1.1 %.

Considering the obtained values for PBT and IRR, this last retqmfibrtunity does not seem
to be profitable in the considered hypotheses.



V.4.5. Conclusion

A classical and complete economic calculation has been realizesl. nTain retrofit
opportunity (system n°4) has been compared to the system n°2 in temogs®f saving. The
last system envisaged (use of thermal energy storage) has been comparegsterthe°d.

The main retrofit opportunity (reversible heat pumping), giving alregdgd energetic
results, gives good economic results and seems to be profitalble aftert number of years
(between 5 and 8 years).

The last retrofit opportunity allows a limited reduction of eleatrconsumption. This poor
performance is partially due to the fact that the cooling demartkdeobuilding is already
limited (using the considered weather data set). Moreover, the snpertof the initial
investment and the limited possibility of money saving does not altownake the
improvement quickly profitable. Indeed, the return on investment is vewy ahd a real
money saving appears only after an important number of years (in the considered hypotheses

However, the results presented here must be moderated. The rggireneey saving caused
by the use of the one or the both systems depends directly on therwieakbed, a very cold
winter could be characterized by a more important intervention ofbgdsers as back
boosting device because of the limitations of the heat source of dh@umap. In the other
hand, the saving due to load shifting during a warmer summer could bempmeant and

could make this retrofit opportunity more profitable.



V.5. Environmental Aspect

In study of the development and the implementation of sustainable teckesoldbe
calculation of CO2 emissions must be realized. Indeed, in addition tpotkatial money
saving due to the use of a heat pump instead of gas boilers, thef diragproject are also the
realization of a more sustainable and clean HVAC installationaahdtter use of primary
energy. Knowing the emissions of CO2 per kWh of primary energy cowmsuh®ecalculation

of yearly CO2 emissions is easy.

The following values (Table V-9) are based on averages, function ajuhldy and the
characteristics of the Belgian power plants and are given by#i®on region government
(Energie Plus, 2006). These emissions are function of the period (dey&mg the months.
An average value is given for the emissions due to the gas consutmgtioould vary as a
function of the quality of the combustion or of the burned natural gas.

| Emissions due to the Electrical Consumption (kgCO2/kWh) |
Period n°1 (November to February)

Peak hours 0.335
Offpeak hours 0.269
Period n°2 (July and August)
Peak hours 0.342
Offpeak hours 0.273
Period n°3 (September to October and March to June)
Peak hours 0.328
Offpeak hours 0.264
\ Emissions due to the gas consumption (kgCO2/kwh)
\ 0.198
TableV -9

The emissions due to the electrical consumption must be correctepausoefficient (Low
Voltage Consumer Factor) of about 1.109. The results are presented in Table V-10.

Unit System System System System
n°l n°2 n°4 n°s
Peak Cons. kwWh 1264024 1258382 14481038 1443267
CO2 Emissions kg CO2 424121 422198 478792 477181
Gas Cons. m3 76814 77249 1702 1702

Gas Energy Cons. kWh 850958 855774 18859 18859

CO2 Emissions kg CO2 168490 169443 3734 3734

Total CO2 Emissions| kg CO2 | 592611 591641 48252 48091

Table V- 10

As shown in Table V-10, the first modification (modification of theoreery strategy) causes
a small reduction of CO2 emissions (0.97 T CO2/year) in addition tcsritedl benefit
(360 /year). However, this adaptation does not require many investmenptekoe
implementation of an additional control law in the BEM software.

The second modification (use of a reversible heat pump for cooling ttageeauses a larger
reduction of yearly CO2 emissions (116.5 T CO2/year) for the considered weath&tdata s



This decreasing is significant and important. As it was the fmasthe economical aspect, the
increasing of the electrical consumption is more than balanced Ilfguhsi) cancellation of
the natural gas consumption. Indeed, the increasing of the electsicaimption causes an
over-production of CO2 of about 56.6 T CO2 / year, but, these emissiomsadiselialanced
by the reduction of CO2 emissions due to the gas consumption (165.7 T GDahedhe
global yearly emissions are reduced of about 109 T CO2/year.

However, the yearly CO2 emissions stay quite high. These emismiensainly due to the
electrical consumption of the steam humidifiers and of the appliambese consumptions
bring other retrofit opportunities and should be reduced to by a ratidi@iizaork of the
consumptions and, maybe, by the installation of a cheaper (and cleanedjfibation
system.

Figure V — 18 : CO2 emissions comparison

As already seen, the addition of a thermal energy storagersgstes not cause significant
electrical consumption (and so emission) reduction but, mainly, a loficiglfilom peak to
offpeak periods (from day to night).

The same observations can be made by looking to Figure V-18.



V.6. Conclusions

Five HVAC system configurations have been presented and compared.ir§thene
corresponds to the actual installation. The four others correspond tomposed adaptations
and modifications.

The first retrofit opportunity (system n°2), concerning the recovdrgtegy, seems
successful; it allows a significant energy saving thanks toehmval of a energy wasting.
This adaptations is supposed free: it only requires a modificatiotiheofcontrol laws
implemented in the BEM software.

The second retrofit opportunity (system n°3) is based on the use dfibbwdreat pumping to
satisfy the heating and cooling demands of the building. The large tguafrgixtracted air is
used as heat source for heat pumping. The actual air cooled chilleplaced by a new
machine equipped with air cooled and water cooled condensers. This rediatiost is still
able to provide chilled water at 7°C, but also ensures the hot \aat&5°C) production. The
use of this low temperature hot water may cause problems ioltbe fup of the set points
during winter.

The third retrofit opportunity (system n°4) is based on the previous onasbdt several
adaptations to make the installation able to satisfy the heatmgrdkand to ensure the
follow up of the set points during winter. In the offices, an adaptatiothefre-starting
techniques is sufficient to satisfy to the comfort conditions durimymed periods. In the
laboratories, a “change over” technique is used to allow the functiomitige heating coils
(installed in Air Handling Units) with low temperature hot wafBhis technique benefits of
the already installed and available heat transfer surfaceo@diag coils) and uses them as
additional heating coils. The series assembly of the two caslsasen. The coupling of these
two adaptations (modification of re-starting strategy and changetesfenique) allows the
installation to function with low temperature hot water and to erniereespect of comfort
conditions.

The fourth retrofit opportunity (system n°5) is based on the previous onejtbwddition of

a cool thermal energy storage tank. This storage tank is usbovtcasshifting of the heating
or cooling load from peak to offpeak hours and also to recover cool eneigy tieating

periods.

An economical evaluation of the two last retrofit opportunities €systn°4 and 5) has been
realized and shows the money saving and the payback time of thest@msyThe first one,
seems to be successful and gives a payback time of about 6 y&arsecbnd one does not
give such good results and is not profitable in the considered hypotheses.

The environmental aspect has also been approached. The replacement of thelaasisigal
systems (natural gas condensing boilers) by a heat pumping system allowSaastgni
reduction of CO2 emissions.



CONCLUSION

First, a pre-audit of the actual installation has been made. Basingeasured natural gas and
electrical consumptions, several hypotheses have been made about petemgglwasting
and possible retrofit opportunities. By defining heat transfer cesite of the building’s
envelope, natural gas consumption has been explained thanks to the tiggratates Actual
Electrical consumption has also been detailed and partially explained.

Simulation models, implemented on EES (Engineering Equation Solver, © Fiiftavare),
have been developed and used to simulate the thermal behaviour of the lsiuidiad and
the coupled HVAC system. The dynamic building model is based on aifsohgR-C
network, specially conceived to correspond to commercial buildings’'tsteucThe global
static HYAC model is composed of distinct models of Air Handlimgts) Terminal Units,
chillers, heat pumps, boilers, etc. During the modelling phase, sonma@Egms have been
made on the building’s envelope and the HVAC system’s components. Altym@ather data
set has been used for simulations.

The results given by the developed models have been compared and are acqoddnce
with the measured electricity and gas consumptions.

The main retrofit opportunity is the use of reversible heat pumpiriy,exiracted air as heat
source and hot water network or air cooled condenser as heat sinksfioteatheating and

cooling demands of the building. Other smaller adaptations, as definmeyvarecovery

strategy to avoid energy wasting or using a cool thermal esérgyge system to allow load
shifting, have also been modelled and simulated.

The advantages of a heat pump system coupled to a change over technigusedma
highlighted. Indeed, these two techniques allow to use low temperaturateotproduced by
a classical heat pump to heat a building using classical heunces as air handling units or
terminal units heating coils. No specific heating device (asrieaeiling/floor) is required,
thanks to the change over technique. Moreover, this type of adaptatioraigvaps required
and a simple modification of the ventilation strategy may allowse a heat pump instead of
boilers to produce hot water.

An economical evaluation of these retrofit opportunities has been mageadR times and
profitability coefficients have been computed. The installation ofhb& pump and the
required adaptations (change over technique and modified re-startmiggists) are
successful and characterized by a quite short payback time. Tioé ceel thermal storage
did not give such good economical results.

The environmental aspect has also been approached and CO2 emission&haaemipeited
for each possibility. The reduction of yearly CO2 emissions due tagbef heat pumping
instead natural gas combustion is significant (about 18% of thel ieiti@ssions). This
calculation is based on the average emissions characterizingeth@an electrical power
plant.



Other retrofit opportunities should be discussed in the future :

1) the replacement of electrical steam humidifiers by cheapicleaner humidification
devices as clean water pulverization, for example,

2) the decreasing of ventilation rate during unoccupied periods,

3) the use of extraction duct’s coils as heat sink to avoid thectarsasimptions of the air
cooled condenser,

4) the use of an additional heat source (as the ground) for heat purapiegdve
completely the natural gas consumption,

the use of stratified thermal energy storage to maximizée¢hefits brought by the use of a
reversible heat pumping system and to minimize primary energy consumption.
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