| Applylng Building Slmulatlon Tools to
Optimize System Sizing and Qperatlon Strategles

- Guido von Thun
Ingenisur-Baro Guido von Thun
Ndmberg, FRG

Michael J. Witte
University of Michigan
Ann Arbor, Michigan, USA

ABSTRACT

Building operation strategies can greatly affect occupant comfort and
anergy use, espedcially in thermally massive buildings. Building simulation tools
can provide the HVAC system designer with detailed information about the
dynamic behavior of a building. With this information, the dasigner can than
optimize the capacity and opaerating schedules of the HVAC systam to take
advantage of the thermal mass of the building. A deslgn method is hresanted
which is based on the use of an hour-by-hour building simulation program. The
simulation tool is especially applied to detenmining optimal setback strategiss.
This deslgn approach produces systems with smaller capacities which pmviﬁe

superior comfort with lower first costs and lowst operating costs.
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ABSTRACT . .
Building operatlon strategies can greatly affect occupant comfort and
energy use, esl_:ecially' in thermally massive bulldings. Building simulation fools
| can provide the HVAG system designer with detalled Informallon about the
dynamic behavior of a building. With this ininrmatinn,_ the designer can then
optimize the capacity and opetating schedules of the HVAC system 1o take
advantage of the thermal mass of the buliding. A deslgn method Is presented
wﬁich Is based on the use of an hour-by-hour building simulation program. The
simutation tool is especially applied to det&rmihing optimal setback strategies.
This design approach produces systems with smaller capacities which provide

superior comfort with lower first costs and lower operating costs.

INTRODUCTION
Hnuﬂr slmulation programs provide tha HVYAC system designer with tha

. capability to analyze the dynamic response of a bullding. With this Information,

the designer may optimize tha building, system size, and operating strategies to

minimize Investment and operaling cosis whila kmproving overall thermal
comfort. Conventiona! simplified design procedures have two baslc

- shoricomings:

» Frequently oversized equipment (sometimes as high as a factor of 2)
due 1o the conservative essumptions required to insure an adequate
design with a simplified procedure and 1o insure adequate capacity
fer recovery from setback conditions, |

* Inabitity to model dynamic leads and the ancumpanyiﬁg comfort
conditions.
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For an optimal dasign, dynamic loads are espacially important. Consider
a heavywaight bﬁilding during the heaiing season which has been In setback
mode fpr an entira weekend. The time needed to heat up fo the desired comfort

vonditions can be as long as two 1o three days. The air temperature may be
ralsed quickly givan enough heating capacity, but the mean radiant temparature
- will rise at a rate dependent on the following factors:

- tha temperalure difference _

* the instalted capacity of the heating and cooling source

« the mass of tha building

* otherinternal or external loads, |
The dynamic loads which are caused by set point changes are the dominant
loads in many buildings. Changes in tempeorature levels require changes in
energy input and put very uneven loads on the equipment. This can lead to
hlgh peak demands and low overall pari-load ratips. _

It follows then that one of the major design goals should be 1o have
smooth load curves. A load curve with no peaks at all would be ideal -- small
peaks are reallstic. Furthermore, smooth changes in loads should also be the
goal of the design. To fulfill all of these requirements, tools which model the
thermal behavior of buildings as exactly as possible are necessary. These fools
must model tha dynamic lcads and must lead o accurate results, especially

under pari-load conditions.

SIMULATION TOOQLS

The uge of simulation fools for design Is not currently common practice.
Simplified peak load methods {such as UAAT for heating and the GLTD/CLF
method for mnlinﬁ} are typically used for design {sizing) calculations. These

methods, by their nature, limit the range of conditions which can be analyzed for
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optimum sizing. Slmul_atinn tools have traditionally been used for. energy
analyses, that Is, for the determination of annual energy cunsumﬁtiun for a
typical year. While this is & worthwhile use of these tda!s, they can also ba used
for design calculations if properly applied. The enly differences betwesn a peak
load sizing uﬁlculatlnn and an annual enargy analysis are the assumpticmé
which are made concerning the outside environment and the Intarmal opearation
of the bullding - the heat transfer principles are the same. A simulation which is
valid for off-peak conditions will alse be valld for peak conditions. The benefit of
using a simulation tool is that complex peak conditlons can be modeled which |
would not be pussi.hle with the traditional design methods. This regulires,
however, a fiexible simulation togl which sllows the user to manipulate the
necessary ihputs as needad for a proper design calculation.

fn order to give the designar a complete plcture of a building's thermal
characteristics, 8 simulation tool musi sufficiently model the dynamic effects of
the bullding end mechanical systems. An hour-by-hour simulation program
which uses a heat balance method is a minimum requiremant in order to
simulate dynamic eflacts. The program must be capable of dealing with varying
Space temperatures and must handle the transient thermal mass efiects
properly. in addition, the tool must aceount for all of the obvious envirenmental
factors and internal loads. Finaliy, the toof must bo avaflable for a workstation
andfor microcomputer anvironment In order for It 10 be feasible for day fo day
design use. The work which is presented here has been done using the
Building Loads Analysis and System Thermodynamics {BLAST) software on a
Unix workstation and on a 386-PC. This sofiware uses conduction transfar
functions (ASHRAE, 1989) and heat balances to model tha building heat
transfer. This fundamental approach gives the program the ability to simulate a

wide range of conditions, including floating space lemperatwes. Reviewers:
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Fleasa advise whether mentmnmg thrs program by name Is appmpnata within
the fimits of tha ASHRAE Commemfaﬁsm guidefines. Thank you.

DESIGN METHODOLOGY | |
A method of deslgn optimization is prasented here which utlizes an

hour-by hour simufation tool as the basic calculation procedurs. This method
has been repaatedly applied with much success and has proved ifs warth in
practice. The discussion hare will concenirate on the determination of the
heating and cooling demands for each space In the bullding. There are elso
numeraus system deslgn considsraiions which will ba brléﬁy mentloned here,

The basic principle is to ellminate all joad peaks as much as possible.
The Ideal goal Is a system which operates at a constant load near the poak
capacity of the equipment. This will minimiza the peak energy demand a-nd will
minimize the amount of less efficient pari-load operation. Naturally, this ideal
goal will not be fully achieved, but for many applications, eépecially in high-
mass buildings, the design can approach this goal. The design procedure
involves several passes in which various séenarius are simulated. This method
of iteration alfows all Influsnces to be Included.
Appropriate Deslgn Condltions |

In order for the simulations fo be useful for design, the approprigte design
condilions, both external and internal, must be specified. For external
conditions, & design weather year has bheen created using actual extreme
waather conditions encountered in Germmany. This design year Includes a hot-
sunny period for peak space sensible cooling loads, a hot-humid period for
peak cooling coli loads, and an extreme cold petiod for peak heating foads.
. Each of these periods is approximately one week long with several days of

approaching condilions and several days of extreme conditions. These
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.extrerﬁe periods have been taken from actual waather data for different years
and have been added to a typical German weather yoar to make a complete
year. For most of the design process, only the extreme periods are considered
even though the éntirﬂ year is simulated. For Internal conditions, the best
estimates for accupancy, lighting, and other internal loads are used. For cages
where exact values are unknown, a range of values can be simulated in order
lo determine the impact of the various internat joads. From these results, the
designer can then choose what conditions will be used as tﬁe déslgn basis.
Step 1: Optimize Bullding Envelope

The first step is to optimize the building envelope by performing
simulations of the yearly energy censumption. A host of possibilities exists for
bullding envelope changes which result in a reduction of ehergy consumption.
These options should be exhlurad first in arder to reach a low enargy
consumption specific for the building. After oplimizing all the measures such as
insulation, design of the facade, cshading devices, and other enargy saving
measures, the basic condltions for an economic operetion of the building are
established. |
Step 2: Optimize Foom Temperature Control _

The next step Is to optimize the control strategies In the Individual reoms
and sectlons. For this purpose one must establish the marginal conditions of
thermal camfort for sach space depending on Its use. Office buildings are
usually occupied from 8 a.m. untit 5 or 6 p.m., and during thls period the comfort
conditions must be sufficient. The air temperature should be about 70°F (21°C)
for heating and not exceed 79°F (26°C) for cooling. When heating, it is of vital
Importance that the mean radiant temperature is not lower than 65 to 66°F (18.5
10 18°C). When using éatback opsration, it is important to reheat the building in

time. Simulations are performed for various setback strategies In order o
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determlne tha acceptable amuunt of sathack in order to Insure adequata
comfort with minimal peak loads. _

This is bast ilustrated by an-exampla. Flgure 1 shows the temparature
and heating lngd profile of a section of a building with a heavyweight structura
~ which is used as an office. The bottom graph rapre'sents the external
tempetature. Above it s the heating load for this section. The two upper graphs
reprasani the mean air iemperature and the mean radiant tempergture in the
space. The bui?ding ‘was equip_pad wlth & cuntrnl_system which lowered the
room temperature to §9°F {15°C) on weskends and by night. Subsequentiy, the
mean radiant iemperalure dropped to approximately 57°F (14°C} at night. If 1he
healing system was fumed on on Monday at midnight, an air temperature of
approximately 68°F (20°C) could be reached when .office hours started. The
mean radiant {emperature, however, amounted only to 61°F {16°C). In the
course of the day, the mean radiant temperature does not exceed 63.5°F
{17.5°C). In the evening hours, the set-back program starls again so that only a
small amount of energy is belng supplied. Tha next day (Tuesday) it is noon
befora the mean radiant temperatura reaches the value of 84°F (18°C) which is
necessary for comfort. Only on the third day {(Wednesday) is a comfarable
conditicn maintained in the rocoms for the entire oceupled fime. It is remarkable
that during this time the external temperature by day did not drop below 5°F (-
16°C). The heating load profile shows the peaks which ara typlcal in the
mérnlng hours jor this type of setback control. These comparatively high pask
loads of approx. 1700 to 2000 BTU/r (500 to 600 W) naturally hﬁva to ba
supplied by ihe systems and the central plant. This leads o a corrasponding
high demand for energy supply. Outside of the peak heating pertiods, especially
on the weskend, significantly lower loads ars requited and the system is only
partially loadad.
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Different control strategies warg ified in order to solve 1h+_é problem of
insufficient thermal cumfon in the mrning huu_ra and after longer setback
periods. Figure 2 shows the effect with no setback. The heating load graph is
very well balanced and shows & genarally constant quantity with the exceplion
of office hours dufing the week. The temperature profiles of the room air and
mean radiant lemperature are also vary well balanced. The temperature leveis.
are within & range which can be considered to ba sufficiemly comfortable. It Is
especially striking that the heating poiver course shows no significant peaks,
The result Is that the systems and the central plant have to supply less peak
load. Apar from that, the compenents are aperated In a favorable working
ecendition which results In improved efficlency.

Figures 3 and 4 show different heatlng load curves after a setback petiod
during the nighi along with the cnr'raspunding temperaiuras. The graphs
Indicate that the thermal comfort when starting work in the morning can be
guaranteed either by an excassivg heating during a relatively short period of
time or by preheating over 'a longer petiod of time, It can also be clearly seen
that the required equipment capacity is a function of the preheating period, By
an adequate synchronization of the equipmant capacity and the preheating
period it is possible to achieve a minimization of the peaks during the heating-
up period. Since reductions in equipment size pay off in reduced initia
investment costs, this is & very desirable goal.

This also applies to the case of the cooling load, though the approach Is
slightly different, In the case of the covling load, the ranges of lserance aliowed
for the admissible maximum air temperature are very important. In the case of
computer rooms, for example, where the allowable daviation may be less than
11.8°F {£1°C), there is almost na passibllﬁy for optimization. Hnwevar, In offices,
if a variation of temperature {e.g. from 70°F {21°C} in the morming to 79°F (26°C)
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in the afternoon) is a!lnu.jable thare are possibililies for optimizaﬂqn. These are
represented In the figures 6 and 6.

In Figures 5 and 6, the first graph shows the thermal behavior In a raom

whosae cooling system starts In the moming and operates during working hours

| with the corresponding loads. At night the systems do not operate. The second
graph shows the same room with systems operating at hight without ective
cocling, That Is, unconditioned eiternal alr is used to cool the bullding mass
duing the night. The maln peint of this mnﬁept Is to abduct the warmth
accumulated In the bullding at a low cost. Of course thls Is only possible if the
external temperature Is correspondingly low during the night and morning
hours. If this should not be the case, such as on very suliry and warm summer
days, a nocturnal cooling of the building can be effected also by operating the
chillers fo provide active cooling. This is economical in two ways since the
electrical rates are lower at night and the coefficient of performance of the chiller
or cooling-fower will be much higher. This is shown with the third graph.
Step 3: Optimize Alr Handling System and Plant Equlpment

The air handling system design Involves many tradeofis which can be
analyzed through a series of system simulations. Some of the design options
which can be determined are:

+ Belection of system lype.

* Minimization of air flow volumes.

» Selection of air diffuser quality.

* Optimization ¢f duct size versus fan power consumption.

* Optimization of deck temparature controls,

* Oplimization of air fiow rates versus deck temperatures.

.+ Qptimum boiler and chiller sizes.
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The air handiing system optimization procadures will ba discussed in more

detail in a later paper.

EXAMPLES AND EXPERIENCES

Several examples are presenied to llustrate the procedure and to
illustrate the potentlal benefits of this method. Examples i {discussed above)
and 2 illustrate how different setback and system control strategies can affect
thermal cornfort and equipment Ioads. Exampla 3 lustrates a retrofit project
which has dramatically reduced the equipment slze and energy consumption.
Finally, a summary of experiences with five other projects Is presented,
Example 2 |

This example is ﬁresenled to illlustrate the potential savings in energy
consumption and investment cost. This example looks at two zones from a
bank in Fuerth, FRG. These zones are officas ag shown in Figure 7. This
project was a refrofii project for which the following options were simulated:

-~ Basaline: Existing heavy masonry bullding with litile or no insulation,
accupiad temperatures of 70°F (21°C} in winter and 68-82°F (20-
28°C}) in summar, setback tamperaturas_ of 59-83°F (15-17°C) in
winter and no setback cooling in summer, multizene fan system. |

* Opfion A: Add insulation and reduce supply air volumes and
equipment sizes reduced accordingly.

« Optlon B: Same as option A plus winter setback ralsed to 68°F
{18°C).

*« Optlon C: Same as option B plus demand-controlled deck
temperaturas and equipment slze reduce accordingly.

Figure 8 shows the annual consumption of boiler fuel and elactricity for

the two zones and the squipment sesving them. Option A (insulation) provides
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the largest fedu_ctiun In energy consumption, and In; this case, the'_warmer
setback temparature Increases the rnvsrall energy consumption. However this
produces significantly more comfortabla conditions as shnwn by Figures 9 and
10. When tha system controls are improved and the plant size is further
feduced, the total energy consumption (boiler fuel plus alactricity) for Option C
Is 102,000 BTU (30,000 kWh) vs. 150,000 BTU (46000 kWh) for Option A and
348,000 BTU (102,000 kWh) for the Baseline. This reprasents a savings of 71%
from the Baseline and 36% from Option B. At the same tims, the boller/chillsr
slze has been reduced by 70%/64% from the Baseline and 40%/33% from
Option B (see Table 1},

Example 3

 This example prasents results from a four-story, 150,000 £2 {15,000 m2)

offica building in Munich. The building contains a larga cbmpﬂtar center and is
a lightweight consirucilon with windows from floor to cailing. This was ancther
retrofit project where the following options were considered;

* Option A: Recalculate supply air volumes using a maximum room ajr
lemperature of 77°F (25°C) with a supply air temperature difference of
1 ﬁ“F (7°C). The lowsr supply alr volumes reduced the fan power
consumption and the temperaiure rise across the fan was reduced
from 8°F {5°C} o 5°F (3°C). _

* Option B: Install enargy-efficient lighting, add shading devigces, and
reconfigure alr outlels. Air volume flow rates were raduced to the
point where adequate room alr distributicn became the limiting factor.
Peck 'cuntmls wera changed to ouiside temperature controls, -

Table 2 shows the changes in air volume flow ratas and enargy consumption for
the two optiens. Option A was implementad at a cost of DM 350,000 and the
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energy savlngs last year alone was DM 405,000. Cost estimates for Optmn B
ara DM 1, 50{} 000 with estimated annual energy savings of DM 330,000.
Additlonal Experiences

Table 3 summarizes results from six representatlve projects, five retrofits
end one new construction. The consumpiion figures are actual values reported
by the building owners. The reductions in equipment sizes and gnergy use vary
significantly depending on the project. The most dramatie results can be seen
n 'the Eschbom project where the heating capacity was reduced by 63%, the
cooling capacity was raducéd by 41%, the heating consumption was reduce by
40%, the electric consumption was reduced by 24%, and the peak electricity
demand was reduced by 69%,

CONCLUSIONS

The dynamic loads which result from changing conditions 'In g buildihg
can greatly influence occupant comfort, required equipment sizes and overall
anargy use. A deéign method has been presented here which allows tha
designer to optimize the system control strategies In order to reduce peak loads
as much as possible and 1o take full advantaga of tha thermal Inertia of the
building. The reduction In peaks improves thermal comfort and reduces the
necessary equipment sizes. The rate of complaints in buildings with such
optimized systoms ara very low

The aquipmanl- sizes for these systems are typically 30 to 50% smaller
than for cenvantionally designed systems, although these reductions are vary
dependent upon the particular project. The smaller equipment operates for
longer periods of ime at higher part loads which improves the overall efficiency
of the system. In addition, the building owners are pleasad with the reduced

investment costs for smaller equipment. .
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This approach Is made ﬁnssibla through the use of énphisticatad _building
slmulation programs which are caﬁable of mndéiing the dynamld respnnse of
the building. These tools provide tha 'dasigner with information about the
building that cannot be obtained with simplar cafeulation techniques. |
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Table 1a. Summary of Oplions for Example 2 (IP Linits)

' Occupied Temp °F  Unoccupied Temp °F  Supgly Alr #3/min Equip. Sizes B u
Option Summer Winter Summer Winter Zone 1 Zong 2 Egilee' chmgru.e he
Baseling EE-82 70 Mo Cool 59-63 958 318 170 75
A Insulation 68-82 70 No Coal 59-63 | 763 254 85 - 41
B. Less Setback 6.8-82 70 No Cool &6 742 233 85 41
C. Deck Controlg B88-82 70 No Cool 66 742 233 M 27

Table 1b. Summary of Options for Example 2 (Sl Units)
Qccupied Temp °C  Unoccupied Temp °C Supply Air m3/s Equipmant Sizes kW

Ontion Summar Winiar  Summer Winter Zone 1 Zone 2 Bgileﬁ' Chiller
Bassline 2028 21 No Cool 1517 | 047 0.5 50 22

A. Insulatlon 20-28 21 No Coal 15-17 .36 0.12 25 12

B. Lass Setback 20-28 21 Mo Cool 19 0.35 0.1 25 12

C. Dack Controls 20-28 21 No Cool 19 0.35 - 0.11 15 8

L L
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Table 2a. Summary of Results for Exampte 3 (IP Units)

: Base fo A - . BesetoB

Baseling Option A Reduction Option B Reduction

System 1 Supply Alr 57,800 38,634 33% 27,982 52%
System 2 Supply Air 64,725 44 652 31% 31,047 52%
Sysiem 3 Supply Alr - 13,506 84930 34% 8930 34%
Total Heating Consumption 16,880 9475 A4 % 6838 59%
Peak Heating Demand 2950 7875 21% 5a58 41%
Total Chilled Water Cons. 1988 1689 15% 1406 28%
Peak Chllled Water Demand 5173 4381 16% 3265 37%
Total Electric Consumption 16,430 12,550 24% 9680 41%
FPegk Electric Demand 3617 3163 13% 2467 32%
Total Energy Costs (Est) 1,280,000 951,000 26% 725,000 43%

Supply alr volumes are in ft%min, peak demands are in 1000 BTUfMe, consumptions are In 1,000,000 BTU

pef year, costs ara in DM,

Table 2b. Summary of Results for Example 3 (S Units)

Baso fo A Besefo B
Baseline Option A Reduction Option B Reduction

System 1 Supply Air 98,279 65,533 33% 47,508 52%
System 2 Supply Alr . 109,888 75,810 31% 52,711 52%
System 3 Supply Air 22931 15,182 34% 15161 34%
Total Heating Consumption 4947 2777 44% 2004 59%
Peak Heating Demand 23186 2308 21% 1717 41%
Total Chilled Water Cons. 583 495 15% 412 29%
Peak Chilled Water Demand 1516 1284 15% 957 37%
Total Electric Consumption 4815 3679 24% 2837 41%
Peak Electric bemand 1060 927 13% 723 32%
Total Energy Costs (Est.) 1,280,000 951,060 26% 725,000 43%

g;ldpply alr volumes are in m%h, peak demands ara In kW, consumptions ane In MWH pert year, costs ane In

GvT Ingenieurbdiro fir Energieberatung & Gebdude- und Anlagensimulation
"~ Narnberger StralBe 61 90762 Firth . Telefon 0911 - 530 15 01 . Telefax 0911 - 530 15 02
info@gvt-consulting.de . www.gvt-consulting.de :



Table 3a. Overview of Selecled Projects {IP Unlts)

Project: Eschborn  Fiirth { Stutigart ~ Kassal Minden
RetrofitNew Construction Rewolit  Refrot New Constr.  Fellolt —— Relrofi
Censtruction Weight Heavy Light Heavy Medium
Tolal Buitding Area 728,000 20,240 62,400 66,000 42,700
Cooled Arsa 487,300 £460 96,000 17,600 6700
"Oniginal Heating Capaciy 65 60 None = a8 37
New Heating Capacity 24 i8 14 24 20
- % Reduction 63% 69% 38% 46% .
Qnginal Cooling Capacity 59 None Nona 24 36
New Cooling Capacity 34 28 3 21 23
% Reduction _ 41% S 11% 36%
Criginal Heating Consumption 53 62 None 28  Unknown
New Heating Consumption a2 42 5 17 2b
% Reduction 40% 32% 38%
Original Electric Consumption 137 25 Nene 30  Unknown
New Electric Consumption 104 22 13 18 i9
% Redugiion 24% 12% 38%
Original Peak Elect, Demand 64 UnKnown None - 23  Unknown
New Peak Elactric Demand 20 Unknown G 14 8
% Heduction B89% 57%

* Capacitioe and demands are in BTUM2, consumpiions are in 10008 TUME Per year, aroas are in fie.

Healing capacities are normalized by tatal bulkling arez.
Cooling capacities are nomalized by eocled building sraz.
Consumptions and demands are normalized by total buiding aroa.

Table 3b. Overview of Selected Projects {SI Unils)

F"ruject: Eschborn  Firth 1 Stuttgant  Kassel

Minden
Retrofit/New Construclion” Retrofit  Retrofit New Gonstr, . Retroft Retrofit
Consiruction Welght Heavy Light Heavy Medium
Tota! Building Area 67,700 1881 5800 6132 3870
Cooled Argas 45,285 600 5200 1637 625
‘Oniginal Heafing Capacity 206 188 None 121 117
New Heating Capacity 77 57 43 75 63
% Reduciion 63% 62% 38% 46%
Original Cooling Capacity 185 None Nong 76 112
New Coaling Capacity 108 87 9 67 72
% Reduction 41% 11% 36%
Qriginal Heating Consumption 167 196 None 88  Unknown
New Hesating Consumpticn 100 132 16 54 78
% Reduction 40% 32% 38%
Original Electric Consumption 431 79 None 94  Unknown
. New Electric Consumption 329 70 41 58 60
% Raduciion 24% 12% 38% -
Onginal Peak Elect. Demand 202 Unknown Nane 8¢  Unknown
New Peak Electric Demand 62 Unknown 18 43 28
% Reduction 68% 67%

'Capacities and demands are in W/m2, consumptions are in kWhim? per year, areas are n m2.
Heating capacties are namallzed by total building area.
Ceoling ¢apachies are nommatized by cooled buikding area.
Consumptions and demands are normalized by totel bulding srea.
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Tempersture amd Heeting Loeds
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Room Air Temperctures
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Baseline -- Zone 101 -- January
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Option C - Zona 101 -- Januvary
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