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SUMMARY

A substantial part of electricity bills in various types of commercial buildings, such as
office buildings,hospitalsandretails can consist of demand charges. Demand charges represent
the penalty for an electricity consumer levied by the utility providéey are typically a direct
result of the shape of the power duration curvgarticular the hours that a certain power level
is exceeded in a given billing period (normally a month). Lowering the peak and/or reducing the
hours that a power threshold isceededcan drastically reduce demand charges. The ability to do
soby dynamic, operatiai adjustmentseflects thdenergy flexibilitydo of the building. This term
is now widely used in Europe and is the subject of a new international effort (IEA Annex 67) in

this area.

This thesis targets the optimal choice among design and operationalesaaauetrofit
or new desigrproject that delives the most effective way of reducing demand charges and
increasing energy flexibility of commercial buildings. Tlgeal will be achieved througlan
analysis of all feasible energy and peak reduction nmeasn different building types and in
different use contexts. A search algorithm that compares all possible interventions will deliver the
optimum, first witha determinisic analysis thenwith therecognition of the effects of all possible
sources of ucertainty. Tls thesis evaluates the measures that are commonly adoptecréase
energy consumption amacrease energy flexibility and thus reduce demand chargésding (1)
upgrading building components and installing energy efficient equipmerdp®ing dynamic
building load control strategies such as demsidd management; (3nstalling a rooftop
photovoltaic(PV) panel array. Operational interventions include the manipulation of thermostat

settings and possibliye voltage reduction of liging and appliance§n some cases including
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HVAC components)n the building which may reduce thermal and visual comfort for certain
periods. In order to support retrofit and design improvement decisions, an approach is developed
that finds the optimal m of measures thahaximize the net present value of the investment

energy flexibility measueover twenty yearf®r the owner.

This study will analyze optimal solutions for three commercial building typ#terences
between them in terms of energy use and peak demand will be investigated and a generically
applicable measure of energy flexibility will be developEdese three budings are chosen (by
scalingtheirtotal floor area) such that their demanduges are in the same rangae monetary
benefit ofenergyflexibility will be studied under different demand charge rate structures and under
variable building consumptiorscenaris. Ths research will result in a new optimization
framework for choosinthe optimum among multiple options. Based on the proposed framework,
this research will determineptimal ways to increase energy flexibility, leading to the best
investment decisions for different commercial building types in different locations and under

different rate structures.
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CHAPTER 1 INTRODUCTION

1.1 Importance of Demand Charges

Most owners of commercial buildings may not realize that demand charges can easily make
up 70% of their building énonthly utility bills (Dieziger2000). Demand charges represent the
penalty levied by the utility provider for an electricity user, particularly for big electricity
consumer the power grid. Demandarges are typically a direct result of the shape of the power
duration curve of the building, iparticular the hours that a certain power level is exceeded in a
given billing period. According to the recently published data from the survey of EIA G(E0A
2016) the growth ofloor spacanside commercial buildingsas beentwice asfastasthe growth
of commercial buildings since 2003high implies a trend of increasedcupancynhumber of
equipmentandarea ofconditioned space insidazeragecommercial buildings. As a direct result,
the electricity usagef new commercial buildings such as office, hospitatail buildings may
keep increasings a result of sizelespite the impradenergy efficiency of new buildingsVith
increasegeakpower, agrowing number of commercial buildirmyvness may face the problem of
paying far more than what they actually consume @utheir increased sharetime cost of the
grid infrastructure This share is billed in the form of demand charges. TherefolEcomes
significant for commercial building owners and operators to realize the rdleesédemand

charges in their monthly bills arid take effective measures to reduce them.

Under current utility rate structuregemand charges can easily maken@so of the monthly
utility bill of acommerciabuilding. According to the statistical datar the year 2016, PSE&G's
Demand Peak Load Contribution charge is $64.65/kW/yr. JCPL's Demand Peak Load

Contribution charge is $43&W/yr (Adjangba 2015)These numbers shotle significance of

1
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what costs can be mitigatéduilding ownersand their energy advisoaseable to understand the

corecauses of demand chargaexl take action

In the process of establishing the povegstribution network, most capital funding is
allocatedfor the construction of hardware infrastructure, such as transferneéaysand cables,
etc. The largesizeof transformers and cables unzbgreatercost. Therefore, the most expensive
part in canstructing the power grid is not to meee thstimated average total electricskiymand
but to deliver theneededcapacityand toguarantee the stability of the power grid order to
maintain the stability of the power gridhe capacity of the grideed tomeet pealkdemand even
during the most severe usage periods. Failing to meéetcaépacity requirement may lead to
blackouts and even threatpuablic safetyon a large scalesuch asluringthe Chicagdlackoutin
1995 the California power outagae 2000,andthe blackouthatoccurred in 2018 theNew York
City (PSOTF 2017)Power outages occur usually as a result of local weather events, usually as
the result of high winds, downérkes andpowerlines Large scale @wer grid failuressuch as
brown-outs and incidental blaeuts,typically occur during an extended heat wave when the peak
electricity usage exceedlse capacity of the power gridhese émporary power spikes are the
main reason footherwiseinefficient investments in the construction of the power diowvever
these costly investmentge necessitated by the fact that the distribution netwedd to be
capable of handling the peak demand throughout a year. For example, if a factorysooiheha
day of highintensity operation during the whole year, the power grid still needs to offer the
appropriate network capacity to meet this level of demahidough it is hard to pinpoint the extra
investment necessitated by a single large peak comsuhee general attitude of the utility
companies is to charge these consumedlactive penalty which should bea fair reflection of

the investmentthat utilities spend to serve the peak load durangiven time window anth a



certain subnet of theigt Therefore, large commercial buildings are charged an additional amount

of demand charges besitlee basic cosaccording to their monthly or seasonal peak electricity

usage. The utility decidebe threshold andhe time window of the peak occurrence based on

internal (and for the publimostlyhidden) costevenue calculations. In one type of p&g the

usage of electricity during the identified time window in a given year determines the electricity

price a buildng will pay in the followingtwelve bi | | i ng mont hs. Since
transmission and distribution systems are sized for the maximum ldle aiistomers using the
supplysystem the cost driver for providinthe transmission and distribution servicethe peak

demand. In order to better aligie coso f operating those systems wi
system, a demand charge is applied to the max
meter during aecified time period (typically a month) and sometimes during a specific time

window of every day.

There are two types of peak demand identificatidime coincident peak demand atite
billing demand. Billing demand (or maximum demand) refers to the stiginergy demand by the
customer in a given billing period. It covers the cost of operat@mtenanceand replacement
of the electric distribution system that serv
(including on-peak demandind patial-peak demandis the energy demand required by the
electricity customer during a particular timendow, which is typically determined as the period
that thesystemwide electricity demand reaches its pedkese twacases lead to differemays
of demand charge calculation. Coincident peak demand charges reflect how much thsgend
ficontributes to the costof the power system based on his electricity consumption during the
system peak; in contrast, neoincident peak demand chargegposea cusomer forhis peak

consumption, regardless of the time it occurred. A customer’s coincident peak demand is usually



calculated from meter readings taken at the time when the customer's demand is likeheto be
highest. Their nomoincident peak demand wldube calculated using several readings taken at
different times to determine what their actual peak demand periods may be. A more sophisticated
type of meter is required to calculate rmincident demand, but it doesn't necessarily produce a
better resulfor the utility. An energy provider may care more about demand at a given time when
total customer demand is highest than they care about the peak demand of a given customer during
other timegnon-coincident peakvebsitg. In order to save demand chagm electricity bills, the
stakeholder needs to have a thorough understanding of how the demand charge rate is designed by
their | ocal utility company. It can be based
of the month EIA 2017) or on their @mand that occurs during the hours of the day when the
power system peaks or the distribution systen
This thesis will mainly focus on how to reduce ramncident peak demand due to the limitation

of availalde data sources of actual electricity loads in the power grid. An optimization framework

will be developed such that it can also be applied to minimizing coincident peak related.charges

Demand is defined as fithe r anyiestaat br avedaged h el
over any designated period of time and is measured in kilowattgkW) n EIl Ad6s gl ossar
terms (EIA 2017). In reality, the demand kW is measured by the electric meter as the highest
average demand in ariyo-minute period dung the month. This is counted as the amount of
el ectric | oad required by the <customer s el
Transmission and distribution utilities must have sufficient electric capacities such as properly
sized transformers,er vi ce wires and conductors tan meet
kW is recorded for billing the demand charge each month and then reset on the bill cycle date. A

C U st olkW demsand operating for one hour equEdskilowatt hours(kWh), which is the



cumulative kWh reading on the metémn.order to level outhe recovery of the fixed cosf the
trangnission and distribution systemecesaryto servdhecus o mer 6 s max i ngudn de ma
operatomwill monitorthe peak demand and ap@ydemand provision to big electricity consumers

whose peaklemand exceethe determined threshold in the grid

Assuming two companies pay the same price for both electricity consumption ($0.437 per
kwh) and demand charges ($2.79 per kW). One building au®® megawatt (MW) load
continuously for 100 hourshetotal cost of electricityis calculated as

VTt 7 pPpNMEO M OoYMET7TE vt 7 C§& WME7

oL PTATTT (1)

The other building runs a 5 MW load for 1,000 hothstotal cost ofelectricityis calculated
as

V-7 pPTTNEO ™M oYMETE v-7 C¢& AIE7

2.2
COCTAT (2.2)

For the same amount of totdlVh energy used, i.at the same consumption leyvalbeit
with different intensities, the buildingavinga flatter usage profile yaless.(This example does

not use actual prices.

Figure 1.1 lists the historical data of electricity usage of the Con Edison service territory.
Figurel.1 tells that a load higher than 13,000 MW) only ocaag&nhours in a year and a load
higher than 10,000 MW occurs 156 hours in a year. However, the utility supplier needs to spend
billions to upgrade the capacity of the power grid to meet those short periods of peak electricity
demand, such aburying more c@per wires under th@round and installing larger size

transfomers.In addition to thisit is highly expensive for the utilities to generate the peak power



compared tdhe costgelated to generatinthe average usage. Some power generating stations
have a sacalled peak power plant, which only runs occasionally when the power demted

grid reaches a certalavel. When that occurst pays a much higher price per kWh generation
compared to runnig only the basic power plant that generates a fixed amount of electricity to meet
the base load requirement (Mast2043).Therefore, effectivelyeducingthe demand during peak
hours willreduce the costs atenefit the stability of the power grith order to control the peak
power and thus to save money, utility companies camntacility managers to reduce their
buil di ng 0 sbygevelopingospiecankivespecifically directed at thenthis explains

the rationale of thestrategythat the utlity company implemerst demand charget® building
owners Reducing peak demamabt only helpguilding owners savenoney,but also increase the

stability of the power grid in the long run.

CECONY Service Area Load Duration Curve
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Figure 1.1 Historical data of electricity usage of the Con Edison service territory

1.2 Goals and Hypotheses



This thesis targets an optimization framework that can effectively utéify customes
reducetheir demand charges with the highest net gain of the investment. An imporaatital
goal of thsthesis is that the framework is used to derive one or more customer friendly investment
tools. Withthesethe customer should be able to design an optimakimvent package within the

constraints posed by the specific building and available budget.
This translates to the following objectives of this thesis:

(1) Evaluate and designate technologies and operations that save on total electricity costs
(consumption amh demand charges). Eligible technologies and operatwaitisbe
introduced in section 2.2 i@hapter 2 They are parameterized and differentiated for

different building types

(2) Developan energy model that captures every eligible technology and operation in a set
of model parameter3his model is consequently used to predict total energy costs, given

certain rate structures used by a local utility

(3) Determine generic measusref building energy flexibility and develop a relationship
between tesemeasurs and demand charge reductioreasurs in differentscenaris

and cost settings

(4) Determine the optimal selection among competing technologies and operational
interventions withkenergy fexibility andoptimal cost saving abetarget, while obeying

performancetedinological and budget constraints

(5) Repeat steg in recognition of uncertainties in physical parametesagescenaris, cost

models (e.g. damage cost t#mporaily deficiert thermal comfort), future rates,



deterioration of the performance of certain technolqgets. This requires the
introduction of a stochastic optimization approach driven by customer preference criteria.
Rather than employing axiomatic utility theotlyis research step is based on a heuristic
Arobustnesso cr it darionand.usin@ieih the optingzatisnuscah a ¢

major intellectual challenge

(6) Execut step4 andstep 5in a customer friendly DIY tool.

(7) Validate the reduced order mod®ainst a higher fidelity modeduch as EnergyPlus
(Crawley et al. 2000 This task will focus on verifying whether the comparative analysis
that underlies the optimization mupportedwell enough by EPC. As a measure of

validation the optimal mix foundrom both approaches will be compared

This thesis has two major hypotheses:

Hypothesis 1: Customer investméot demand charge redtion has a noitrivial optimum

depending orthe building type therate structureand other contextual parameters

Hypothesis 2: In the presence of uncertainties in the gavpnediction and cost modgeés

rational investment decisidnol can bebased orstochastic optimizatian

The pactical implicatiorof this thesis iso help commercial buildingwneisreducedemand
charges on their utilitpill s, andthereby indirectlymprove thestability of the power gridA DIY

tool is developd that suggesthe optimal mix of technologies and strategiebuiding owners



1.3 Significance

This study develops a framework that, for the comprehensive set of technologies and
strategiesoptimizesenergy flexibility andresultingutility bill reduction against investment. The
framework reflectglifferences in building type&urrently only consided for a fixed building
size)and local utility rate structures. This thesis helps commercial building owners explore the full
spectrum ofmeasures to achieve flexibility increase aednand charge reduction. The outcomes
from this studyinclude flexibility increase anddemand charge reduction stragsgfor three

commercial buildingypes office, hospitalandretail.

Developers, designers, utility companiesid existing building ownerwill be able to
determine measureand interventionghat increase energy flexibility aa signal to the utility
providers anadeduce demand chargks building ownersThis will lead to direct financial gains
by the different stakeholderthusindirectly loweringcoss for the consumer. This thesis will
changepeopl eds thinking in the green building
instantaneoupeak power instead @umulativeenergy consumption. This thesis provides a tool
to readily find the optimal investment strategy that redyeak demand andage onbuilding
owner®monthly utility bills, thus proliferating the benefit of good energy decisions through the

building industry.

1.4 Thesis Structure

Chapter Jlintroducesthe research background and objecttVieapter Zontaingheconcept
of energy flexibility,the literature review fodifferent types oflemand chargesndthe current
methods used to reduce demand cha@eapter Jpresentsnethods that could effectively reduce

the cemand charges in commercial buildings and disdhe quantitative analysis model. It will
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alsoproducea set ofenergy flexibility measure(EFMs) and develop its relationship to demand
charges. Chapteridtroduces three different types of commercial building that are considered in
this researchlt develops the prototype energy models and analyzes the results efidigy
efficiency measurdEEM)/EFM optimization studiesChapter 5 discusses the importance of
guantitative analysis @hajor sources aincertainty in the predictions and relatedastment risk
Chapter 6investigateshow stochastic optimization can be useddtonally find the optimum
solution Chapter 7 verifies theeduced order modeChapte8 discusses the findings, conclusions

of the studyand outline the future work.
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CHAPTER 2 DEMAND CHARGES AND ENERGY FLEXIBILITY

2.1 Existing Method to Calculate Demand Charges

Figure2.1l is a samplebill posted orPacific Gas & Electricitf PG&E)d svebsite, which
illustrates the decomposition atypical electricity bill. The electricity bill can be split into three
parts The first part is the monthly or seasonal basic service chatgeh is a flat rate that covers
the wiring, transmission, and maintenance fee,Téte.second part is the electricity consumption
fee to measure how much energy is consumed in a m@hthhird part is the demancharge
based on the highest capacity the consumer required during the given billing period, typically a
15-minute interval during that billing cycle. Total energy consumption is like the odometer that
records the total mileage dfd car, while the peak demand is like the speedometer that captures
the speed at the moment and records the maximum value. Consumption is the overall electricity
use, while demand is the pesitensityo r ma x i mu m fiftg $tades i the LS. Adve
demand charges, although the charges vary by state. Demand charges also vary by season, with

generallyhigherratein summer than in winter.

Peak demand seldom occurs for more than a few hours or fractions of hours each month or
year, but electric comp&s must maintain sufficient generating and transmission capacity to
supply the peak deman@®emandchargesreflect high costs that electric companies pay for
generating and maintaining transmission capacity that must sit idle for most of the time. Demand
charges are based on the amount of energy consumed in a specified period of time known as a
demand intervawhichis usually 15 or 30 minutes. To calculate a customer's demand, the electric
company takes the demand interval with the highest energy cotisnrmpkWh and divides by

the length of the demand interval in hours. Mathematically, this is expressed as kwWh per hour. The
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hours cancel, leaving/M as the units of demand@ihere are a number of watfe pealkdemand is
determined. Different utility compges have different polies regardingthe calculation of

demand charges in their service region

ENERGY STATEMENT

d! www.pge.com/MyEnergy

Details of Electric Charges
04/09/2013 — 05/08/2013 (30 billing days)

Service For: 1234 Commercial Drive
Service Agreement ID: 9087654321
Rate Schedule: A108 Medium General Demand — Metered Service

04/09/2013 - 04/30/2013

Customer Charge 22 days (@$4.59959 $101.19
Demand Charge 157.440000 kW @$5.60000 646.55
Energy Charges 22,168.000000 kWh @$0.10578 2.344.93
Energy Commission Tax 6.43
Hayward Utility Users’ Tax (5.500%) 170.10
05/01/2013 - 05/08/2013

Customer Charge 8 days (@$4.59959 $36.80
Demand Charge 163.840000 kW @$12.570000 549.19
Energy Charges 8,372.640000 kWh @$0.14335 1200.72
Energy Commission Tax 243
Hayward Utility Users’ Tax (5.500%) 98.24
Total Electric Charges $5,156.08

Figure 2.1 Structure of a monthly electricity bill (example)

The electric schedule-A0 of PG&E (A-10 2017 is designed for customers whgseak
demand exceeds 200 kW but less than 499 kW for at least three consecutive months during the
most recent 1-tnonth periodUnderA-10, customers are charged $16.78 per kWtiesummer
peakdemand and $9.45 per kW ftre winter peakdemand. Customers will be automatically
shifted to the electric schedule E19 if the@akdemand exceeds 499 kW but less than 999 kW
(E19 2017). This schedule consists of three types of demand charges, a mgéagperiod
demand chargeg maximumpartpeakperioddemand charggnd amaximumdemand charge.

The maximumpeakperiod demand charge applies to fheak demandoccurredduring the

mont hés preeamaxinuopanpgakperiod demand charge applies to geakdemand
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occurreddu r i ng t h e -peak mourdTieesnaxpmaum ttemand charge applies topgbak
demandccurredany timein the month. The bill includeall the three typedable2.1 defines the

schedule obn-peak,partal-peakand offp eak hour s. Hereds an exampl
their customers in their monthly eydemandis ci ty
between 499 kVdnd 99%W during one summemnonth, the building will be under plan E19. The
demand meter tell s t-paakperibddemacdusst®0dk\w,ehe daximuma X i mu
partpeakperiod demand is 350 kW, and the monthly maximum aeima 650 kW. The total

amount of demand charges equals to

PLTW PR CATQO TNTET7 pd GAIQw oL ITE7

™ oATQw pCmdHA (3.2)

When a billing month includes both summer and winter days, PG&E defihe the
applicablepeakdemands for the summer and winter portions separately, caltidatiemand
charge with corresponding charge rater each portion, and thenadd them up together

proportionally based on the number of summer and winter billing days

Dif ferent from the PG&EOGS de manuwesachatragme rrdast
total energy usage tetermine whether they shoude chargel for demand charge$ the total
monthly energy usage (kWh) of the end user exceeds@epeemined levelor four consecutive
months,the Nationalgridwi | | i nstal]l a demand meter at the
demand charge®©nce demand billing begins, it does not end until after the monthly energy
consumption has been less than thedatemined level fotwelve consecutive months. On every
demandbi |  ed customerds energy service bill, chea
According to Demand @ scheduleNational Grid @mand schedul&-2 applies tocommercial
andindustrial cusbmers whosenonthlyusages abovel0,0® kWh and demand below 200V
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(Demand G2 2017) If the total energy usage in a commercial building exceeds the 1KVOB0

the customer will be charged for demand charges.r e 6 s an e demang dhargesef h o w
calculated. Assume h e ¢ u $ullyinstaled dad is 40 kW. The electricity bill will show the
consumpti on, plus the National Glayiperiods whicha s i ¢ s
includes maintenance of gas or electric lines, metering @nedl costs such as meter reading and

billing, the totalist m T@tx T ® v UL Bt vuThe meter reading is 40 kW with a demand charge

of $8.32 per kW, the demand charge ist & ¢ o o@ In this case, almost 90% of the electric

bill is for demand charges.

Table 2.1 Definition of times of the year and times of the day

Summer|Period A (Service from May 1 t

On-Peak 12:00P.M. to 6:00 P.M. Monday through Friday (Except Holidays)

8:30 A.M. to 12:00 P.M.
PartialPeak Monday through Friday (Except Holidays)
6:00 P.M. to 9:30 P.M.

9:30 P.M. to 8:30 A.M. Monday through Friday
Off-Peak

All Day Saturday, Sunday, atdblidays

Winter[lPeriod B (Service from Novemb«

PartialPeak 8:30 A.M. to 9:30 P.M. Monday through Friday (Except Holidays)
9:30 P.M. to 8:30 A.M. Monday through Friday (Except Holidays)
Off-Peak
All Day Saturday, Sunday, adblidays

Some utilities have "ratchet" charges where the billing densashetermined by the demand
of both the current month and the previelsvenmonths (applicable summer and winter ninsit
Most of the commercial, industrial and large residential customers in the service terri@fPy of

select the Power & Light (PL) tariffs, and the billing demand in PL tariffs is calculated as a
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Airatchet o demand. F o +Septernber), hailimgndemandreguals toshe ( J u n €

highest of 100% of the current month demand, 95% of the applicable summer months peak
demand, and 60% ole applicablevinter month peak demand (OctoheMay). For the winter
months, the billing demand equals to 60% of theesu month or other applicable winter month
peak demand, or 95% of applicable summer month peak demand, whichever is theFigjhest.

2.2 illustrates the method adopted by GP for calculating the peak billing demand. In Power and
Light Medium (PLM, PLM-11 2017), customers whose billing demand exceed 30 kW but less

than 500 kW will be charged $8.24 per kW for demand charge.

DETERMINATION OF BILLING DEMAND

Using actual kW for current month and previous eleven months,
Select greater of:
- 60% of current month or other winter month
- 95% of summer months

Using actual kW for current month and previous eleven months,
Select greater of:
- 100% of current month
- 95% of summer months
- 60% of winter months

Figure 2.2 Determination of Billing Demand in GP PL

The ratchetdemandis also widely used by the transmission and distribution utility
companies in TexasSince the companies charge tlemandusagebased on 8% of the
c u s t omoethlydpeak demand a commercial customer has a peak demarzbokw, which
exceeds th200 kW thresholdn justonemonth they will still be charged foaminimum demand
usage 880% of 250 kW for the nextelevenmonths. Therefore, it is an important investment
decision by the commercial building owners to effectively avaid-critical usageof electricity

during peak hoursand consequently reducing their monthly or seasonal electricity bills.
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There are other mme complicated forms of demand chag,gguch as the customer demand
charges, where the peak is determined based on a #tingtwelvemo nt hs 6 maxi mum d ¢
Many utilities will charge their consumeiT®U rate which embedsome form oflemand charge
in the billing method. The most common methadich is studiedin this thesis is tasimply
multiply the monthly peak demand usage (kW) by the demand charge rate ($/kW). The monthly
peak demand ithe highest average power use in KW during a E®aninute period each month.

The demand charge is then added to the customer charge, energy charge, and any taxes to arrive
at the total bill. In light of the fact that different local utility comm@ahave different demand

charge ratg this thesis conders the impact of different demand charge rates in the case studies.
The optimal investment strategy will be discussed for the case bugildimigrGP6 BLM tariffs

(case )} (PLM-11, 2017)PG&ES s s ¢ h-3) dpiidn & andl Bdase 2 and 3) (A0, 2017)and

Southern California Edisof6CEpP s s ¢ h e €583 optioT Adud B (case 4 and 5) (TOU

GS32017).

2.2 Existing Method to Reduce Demand Charges

In general, there ar®ur technicalinterventions or measuresed in the demand profile
modification.The first one ienergy efficiencywhich refers to the techniques that help reduce the
net demand during both geak and offppeak periodsThe second technique is called peak
shavingwhichindicatesreducing the oipeak demand when the demand in thegrogvid is high.
The third method is loaghifting, which means altering the demand profile to meet certain
performance criterialhe fourth method is renewable energiich utilizes distributed energy
resources(DERS) to coincidently reduce epeak demath. Figure 2.3 shows the difference
betweerthefour techniques that can hetpstomerseduce demand chargd he eistingmethod

that falls within theséour categoriesnentioned abovean help reduce demand charges.
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Figure 2.3 Technics to help modify the demand profile

2.2.1 EnergyEfficiency

Improving energy efficiency in buildings simultaneouslyreduces power peaks and their
durationandreduces the total energy consumption. To improve energy efficiency, the building
owner needs to invest in installing energy efficiency features. The folld&hdsare considered

in this thesis:

1) Improve energy e@rformance of windows to reduce solar radiation through the
transparent envelope comporedtiring overheated seasons (i.e. hot sumnaer)well
as increase the insulation of the building by replacindaweefficiencywindowswith

Low-E windows
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2) Installshading device to reduce solar radiation through the wirtlowg hot seasons;

3) Employ white roof and white surfacea the building skinto reduce solar absorptipn

4) Better manage air flows and air leakage of the building

5) Install insulation materialto improve the thermal performance of the opaque building

envelope components

All measures will be considered at a gliding scale of efficiency, indic#tiegncrease of

energy efficiencyevels

2.2.2 PeakShaving

Peak shaving techniques includelynamic system gurol strategy such as thermostat
adjustmentlighting contro| and voltage throttling, et®Vhile implementingEEMsin a building
may reduce the overall electricity load in the buildiogeimportant driver of peak demand in
commercial buildings ithe spike in air conditioningoadsduringthe hot summer afternoof.he
facility manager can turn up the thermostat setpoint during these peak hours tamegooesr
consumptionMany times, this is done in ways thadtentiallyimpact occupant comfort and
productivity We shoul d remember 90% of a businesso
their productivity Even small effects on productivity can have a significant effect on the bottom
line of the investmenin a facility. According to a report (WGBC 2014), employee productivity
drops by 6% whethe temperature exceeds the comfort letebshold Therefore, while a 10%
variation in energy cost might contribute only a small amount to the bottom line for a single
building, it can have a disproportionatelyegative impact on productivity anduthon the

businesses total operating cost.
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The lighting system is considered to be second biggest energy consumer inside typical office
buildingsin the U.S(EIA 2012). Reducinghelighting powerintensity by turning off unnecessary
lampsand instaiing lighting dimmers to temporarily reduce the illuminance inside the space
during peak hours can effectively reduce the demand of the byitbergfore reducthe power

usage as well as tipeak demand.

2.2.3 LoadShfting

Load shifting techniquerefer taneasursthat could shift eligible loads to loweost hours,
reshaping the daily load profil@ne typical load gfting technique is taurn on thehigh power
consuming equipment in advance laterwhen the loadn the grid is low. For example, the
irrigation pump can beasedduringthe nighttime. The electricheatboiler can also be turned on

in advance to avoid a later power spike.

Another loadshifting technique is taitilize theb u i | dthemngl@assto precool the
building during lowercost hoursThere are two types of thermal mass in a buildthg:active
thermal energy storage aride passive building thermal mas@ne practical application of
utilizing active thermal energy storage to shift load is the ice storage in the superittaekaild
storage which is always turned on to keep the food inside fiesh supermarketcan take
advantage of the cheap electricitypatmal omight time tomake extra ice and reserve for cooling
in daytime keeping the compressor turned Diffe setpoint of the cold storage is always too, low
whichnot only is a big energyaste butlso makes people feel chili insid&metims, when the
setpoint is extrentg low, ice can even éezeonthe duct, which causes duct aging damégean

temporally precool and produce some ice during normal hours or night hours and increase the
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temperature setpoint during edemand period. Shut down fiwwo hoursmay have no rgative

effectswith enough precooling.

The passive building thermal mass is in the structure and internal mass of the building. This
mass determines how fast the building temperatures react to weather and intdsnespeeially
in periods that the terepature inside s A f r e,ee. il Betweeh heatigg@nd cooling setpoint.
The temperature inside the buildingusually controlled by the HVAC system at @nstant
temperature and humiditangeto ensure the thermal comfort of the occupanke thermostat
setpointcan be reduced ahead of the peak hours so that the building itself is tisechadium
of a thermal storagelhat is, the s@bint temperature can be turned down as low as a8
compared to the regular 24 setting during normal hosr This low temperature may allow the
compressor to shut down during the hours of peak power consungiom the buildings
precoolebeforehandThis may be particularly effective if the peak power period is not more than
an hour or so, when it may iedd be possible that the thermal storage in the building delays the
temperature increase long enough. Thermostats can be set toward the bottom of the comfort zone
instead of the top (at23 instead of 23 , for example). The lower temperaturefore the pak
hoursallows the airconditioning compressor to be turned off or its output to be reduced for short
periods (peak hours)without raising the temperatutdat might hinderoccupanté ¢ o.mf or t
According to the American Society of Heating, Refrigeration, and@anditioning Engineers,
most people will not noticgheir uncomfortable condition during a éheur period when a
building is hotter than normalctive pre-cooling of building thermalmass may increase
overall energy consumption, but the additional eneamysumeds less expensive compared to

thecost ofenergy that isvoidedduring peak hours.
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When the building is unoccupied, the HVAC is temporarily turned off to let it flotteo
setpoint that is appropriate for unoccupied periods. The temperature inside the builtbngee
floating towards that new setpoirih existing commercial buildingshe structure mass can be
utilized as the medium of passitleermalstorageto reducedemand chargeguring a specific
period of time. The owner of the commercial buildioguld optimize the control stratedy

smooth the daily electricity usage profile and thereby posegolyce demand charges.

2.2.4 Renewabl&nergy

Renewable energy sourcean helpgenerate energgndreduce purchased electricity from
the power gridduring peak hourdnstalling rooftopPV panel arragwith a battery system is one

of the most proliferated technologies to reshape the buildingplaxite.

PV cells can produce electricity durintpe daytime.A grid-connected PV system can be
used as backup power source. It has two financial benetfiiselectric utility bill saving andhe
powersellback The power generated by the PV systermased directly orsite and can partially
or even completely offset the electricity purchased from the grid, therefore it reshapes the load
profile of the end useand savs their electric utility bills This cost saving benefit aghe PV
generation is equab the price of electricity multiplied by the generated power that was used on
site. In poweisellback the generated surplus is sold back to the grid throwsgii backmeter or
in some casethroughnet meteringUsually, however, the grid operatorsrphase thisellback
electricity at a lower rate compared to the price they charge custtonéreir usageDuringthe
hot summer afternooi, thereis a higher possibility that the power spike occurs, the PV system
can generate electricity foine buildingés own use and reduce the coincident peak derogti

building.
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EDR (2013) and Mount (2004) concluded teaergyefficiency, peakshavingtechniques
aretrue conservation meassrd_oad shiftings not consideredsa conservation action becaus
it merely shifts the load instead of reducingAimong thefour methodspeak shaving and load

shifting are regarded &F~Ms, the concept of which will bimtroduced in the next section

2.3 Energy Flexibility

The U.S. government plarto invest one trillim in upgradng the convetional grid
infrastructure including generation, transmission, and distribution components over the next
fifteen years NARUC 2017. However,the official forecastprojecs a decreasing trenth the
electricity sales durinthe same perigdvhich implies an increasing retail priceaéctricity. On
the other hand, thBERS such agheonsite PV panel arrgyshows an increasing trend ioost
effectiveness These dual trersdand the reaction dbuilding ownerscould possib) lead to an
overinvestmendn both sideof the meteunder the current business model, whithany regions
only allows oneway flow of electricity.The ultimate solution to this probleles in two aspects
the demand sidand thesupply side.The demad sidecould increasethe energy flexibility to
actively react to the changing power supply conditions, while the supplgsideé changehe
current business model disseminate information aradlow thetwo-way energy flow to be better
adapted to thencreasing energy flexibilitpn the demand sidén the power gridthe key factor
to maintainng the stability of the electrical power flow is theilding owneré a bto flexibly y
adjust theirelectricity usagetime and pattern8Because demand charges are mainly caused by
efforts of the power supply side trying to balance the flip side of theitotée grid, the concept

of energy flexibility is very important in the contexttbke study oflemand charge reduction
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Large scaleEFMs include grid extension, varied sgef power generation plagtand
converting surpluglectricity power to other formof energy such as thermal, hydrogen, dds.
the building scale,hiere are fouEFMs (1) dynamiccontrol strategs in building operational
systemsuch as thermostat adjustmdigthting contro| and voltage throttling2) loadshifting of
the high power consuming equipment in advaocdaterwhen the loadn the gridis low; (3)
active or passive thermal mass st@s and battery storagd€d) onsite renewable generatidn.
should be noted that thisresearchiherenewable generation ispart ofthe EFM, instead othe
EEM. One of the reasons for this choice is that EFM comprises all measures that can bé&applied
a building with purely operational interventions. Although the installation of renewable generation
is nottypically regarded asreoperational intervention, it is regarded as such in this thesis because
community energy networks, energy-gps, microgids and peer to peer energy transactions are
beckoning. The availability of rem@&able energy will therefore no longer require the installation
of onsite generatiosapacitybut can be accomplished through etliorms of investments and
as®ciated contrast As these contracts aséll emerging and consolidatexbst models are not
available, our investigation assumes that all electricity generation will come from onsite PV, with

the usual sitespecific constraints with respect to maximum installable P¥.are

The measure to evaluate energy flexibility in buildingaries according talifferent
definitions of energy flexibility(Six et al.2011; Nuytten et al. 201®e Coninck& Helsen2013.
There have been multiple methotts characterizethe energy flexibility of buildings in the
literature Denholmetal. (2011)analyzedhe energylexibility in termsof themixture of different
forms ofpowerplant (plantsfor thebasetheintermediateandthe peak loadandconcludedhat
reducingthe shareof the baseloaghowerplantswould increase the enerdglgxibility of the power

supply systemto incorporateincreasingsharesof variable generationHuber et al. (2014)
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suggested thremetrics tocharacterize energy flexibility: ramp magnitude, ramp frequency, and
response time. Lopes (2016) summarized that the two EBk¥sin buildings are thermal energy
storage and appliance operation shiftisgch methogresented in the literature distingiished

from othes due to different definitions of the energy flexibilifiherefore, alear definition and

a systematic way of quangiing energy flexibility need to be proposed. this thesis, energy
flexibility of a building represents the ability ftexibly adjust the daily load profile through
effective communication and control technology without compromising the basic functions and

the normal operation of the building.

Energy flexibilityis an important concept the context of this study, as tleas an obvious
inverse relationship between energy flexibility and demand chaf@esontrol strategies and
algorithms for obtainingenergyflexibility includethermal storages, demand side management,
onsite generation, and occupancy behawotbuildings all of which could benefitbuilding
owneswith reductions otheir monthly demand charges. Likewise, demand chairgesme way,
can also be interpreted as a penalizaforouildings not being energy flexible enough plaits an
extra chargen buildings that cannot shift their load to gfieak hoursinvestmentin interventions
for demand charge reduction can help improveetiergyflexibility of the building and promote
the futureadaptive rolen the smart gridEnergy flexibilitycan crate quantifiableconomic valug
such as monthliill savingsanddeferred infrastructure upgrades both customerand the grid.
This thesisdiscusseshe potential of energy flexibility in three different types of commercial

buildings and its economialue in terms of demand charggvings

Energy flexibility allows demand to respond continuously to changing market conditions
through price signals or other mechanisifisis expand the potential of the traditional demand

response progranthe concept owhichwill be elaboratedn the next section.
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2.4 DemandResponse

The cost of electricitydepends onvarious factors related to poweenerationand

distributionprocesssandthusit is regarded afluctuant by its natureeither for a shortr a long

term. For examplethe cost of electricity significantly increases during peak hours when the

stability of the grid is threatedeThis is where the @mandresponse (DRprogramscome into

play by motivatingbuilding ownersto reducetheir usagewith incentive-based or pricéased

programsand ultimately to avoid the overloaded electricity demand during the peak hours of the

day(Albadi et al. 2007)

DR is defined as a program that provides monetary incentives to induce lower electricity use

at times of lgh wholesale market prices or whestm reliability is jeopardize(IA 2016). DR
includes all electricity consumption pattern modifications teatl building ownersto alter the
timing andthelevel of instantaneous demand, or total electricdgsumption (IEA 2003DR is
regardedas an incentivdased program that encouradpeslding ownerso improve the energy
flexibility of their buildings.Enrolling into a DR program requires the customere&hag ther
usage profile, i.eshaving the pak load andshifting the electricity use across hours of the day

which helps the building ownereduce the demand during peak hours #ayx® demand charges.

Georgia Powef(GPYb s De mand Pl u3Zis abR gagmng that wilepdy $6.25
per kW demad reduction plus$0.09 per kWh energy reductiondoy customer who meets the
required level olemand reduction in each billing montfatincludes alemandeduction period
(DRP). The DRP is normally norholiday weekdays, from 12:00.m. to 8:00 p.m in smmer

months when the outside temperature iki@ighan a certain value. Thility company will notify

the customersne hour ahead of the DRP | f the customer 6s dhet ual
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DRPis greater than thamit they promised, the customer will be charged a compliance penalty of
$3.50 for each kWor the amounabove thdimit during each hour of theRP. Thispenal charge

is regardedhs an incentive for customesgo react in the desired way to DR signals.

Different from DPEG3, PG&E desigrs peak day pricing (PDP), which iR pricing plan
released to complement tiroé-use(TOU) pricing or replace flat rates in specific scheduRi3P
provides lower energy prices durittge summer in exchange for higher ratkgingcertain hours
onnineto fifteenpeak event dayseryear.These event days can be triggereddrgcasted high
temperatures, high market prices California Independent System Operator emergen€es
these days, the cost tife electricitywill increase during peak demahdurs from 12 pm. to 4
p.m.Forinstanceif the maximunforecastedemperaturef tomorrowis above 38 , the company
will dispatch the PDP eventk the caseof the PG&E rate schedule E19, the PDP charge is $1.2
per kWh andhe credit is $5.92 per kW for tloeincident peak power reducti@B19 2017) There
is no directpenaltyif the customer fad to reduce their power usage, lauthigher energy rate

during the event perioapplies

DR is easily confused with the concegtdemand charge since they batierelated tathe
peak power in the power grid. Demand charge is a fee that is automatically charged by the utility
company to the customer with high peak power demand in the servic®arie other handR
is a contrat that the customer can ept which allows the utility company active control over
part of the endiseelectricity with the aimto avoid the grid operating at nethie full capacity.
Both demand charges abdR areinvented to improve the stability of the power grid by motivating
building ownersto adjust their electricity usage behavior through a penalty and reward system
addressed at different types of customéfile demand charge is a mandatory charge thaiegppl

to large commercial and industrial consumers whose peak power sxgaredefined levelDR
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is relevant taresidential, commercial and industrial electricity users who are willing taugidor
a contract wittthe utility company to saventheir eletricity bills through incentivesSome utility
companies will install remote control devicgthe building ownergo turn off some noieritical
electric equipment whilgiving them correspondinmcentives in advance. The end user ahe

utility compary jointly decide which load can be adjusted and for how long.

In a typical DR programuilding ownercommit toredueng their usage during peak hours.
If the heating or cooling system is curtailed the way of reducing demanck. leading to
Aconsumption thrott |l i ngthe tempematurssepoinbtdeirn enst, i t
thereby causing temporarily uncomfortable conditimssde the affected buildindg-or example,
when the demanith the grid isskyrocketingon a hot day, customemvolved in DRarerequired
(in many cases this is done by rale automatic resets controlled by the utility company) to
increase their thermostaepoint, which mayresult in atemporarily uncomfortably warm
exceeding the comfolgévelin their space. Thdesired result of DR is mosttigatbuilding owners
shift the load to different timesf the day, which can mitigate the negative effectstbathermal
comfortas mentioned aboyéor instancefi p-c e o | their gpaces durintpe morninghours in
advance (before the peak houBR programs provide customers the opportunity to manage their
electricbills by reducing load during higtlemandpetiods or shifting load from higlklemand

periodsto low demandperiods.

By motivatingbuilding operatorso reduceor shift the peak load they exert on the grid, DR
flattens the electric load profile, which reduces the risk of power shortages. When a heat wave in
the state of New York in July 2013 led to a power shortage, effectively imptemgeDR
successfully prevented the situation from getting worse. This event demonstrated the potential

significanceof the utility-controlled DR program (Sachen 2013he typical methods used by
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participants to fulfill their DR obligations includg) turn off lights 2) shut dowrequipment such

as eévators and unused computer scre@pseduceHeating, Ventilation, and Air Conditioning
(HVAC) s y sdeetrioity consumption through increasing temperature setpaltshift
production processegith high power consumptioto other timelt should be kept in mind that

the design of the HVAC system is a relevant factor in thisa hotday, the chillerwill work at

near maximuncapacity Manipulating the cooling setpoint may not have the desifedtesince

the room temperature keeps rising above tleg setpointafter tre adjustment, which calls the
chiller to come back onmost likely operang at its maximum capacityTo avoid this, some
methodsare introduced to manipulate the capacity of the chiller, e.g. through a voltage reduction.
In that case,the chiller will act temporarily as a smaller systéman its actual capacitthus

reducing the pealoadover the full periodvhenthe voltage reduction is activated.

2.5 Current Actionsin the Power Markettowards Reducing Peak Power

Local utility companiefiavecreate theDR program to help themrmanage the oscillating
demand during extreme weather conditions in ordeatance theioperations. They also change
the rate structure of electricity billing to increase the portion of demand chamgesna Public
Service has submitted a proposeslv rate structure designated to the residential settcthe
Arizona Corporate Commissionhich will impose a mandatory demand chargéharesidential
customer during then-peak hourgMiessner 201 Figure2.4 explains the rate structure designed
for theresidentialcustomer withthe differentamount of base load. This is not the only case that
utility company requests mandatory demand charges for residential ratepagéra.and ComEd
in lllinois also triedo pass an enerdyll SB 1585with mandatory demand charges for residential
customergSB 1585 2017)Although all these efforts were denied by the judge, it reveals the

attempts by the utilities tonpedeagainst increased peak power that can endangstability and
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safety of the power gridOn the other handtility companies need more funding to extend the
capacity of the power grid to adapt to the fast growing peak load. Northeast Uaiitiefor
instancejnvest 4.3 billion over the next fingears to upgrade its transmission system in response

to recent reliability concern®U Transmission).

Recently a new trend emerges in the energy market tiildy comparnes initiate the effort
to help their customen=trofit their buildings in ordera promote energy efficiency and reduce
carbon footprint. For exampl&cel offers electric efficiency incentives and technical assistance
to residential and commercial/industrial custometbe entre Minne ot a ser vi ce terri
official website) Utility companies intend to make profits out of selling electricity to the market.
Paradoxcal to their main purposéhey start playing the role ah energy service company (ESCO)
The profitis, of coursetheir major goal. As so many ESCOs in the market are making money out
of conducting buildingommissioningand etrofitting, the utility companieseek opportunities to
take a share of this mark&itting on the primary seat in the power market as teeggrprovider,
utility companieshave a significant advantage ovbird partes They have direct control over
rate structures and the effect on their bottimra and know howperformance contragtvith their
clientshelptheir bottom line Anotherfactorthat favors the utility comparig that the government
is now promoting energy efficiency in the power and building markiee State of Minnesota
requires spending and savings targets for its utilities through an B€RISpent $91,385,776 on
electricefficiency programs in 2015, while CenterPoint Energy spent $25,893,618 on natural gas
efficiency programs and reported savings softeen MMtherms from natural gas efficiency

programs in their demand side management repoegedatabase).
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Basic Service Summer Energy Winter Energy
Demand Charge
Charge ($/KW) Charge Charge
(per mouth) (On/Off Peak $/kWh) | (On/Off Peak $/kWh)
Exftra Small $18 None $0.10324 $0.10324
R-1 $24 $6.60/kW $0.1516/$0.08070 $0.12730/$0.08070
R-2 $14.50 $8.40/kW $0.1516/$0.0808 $0.12730/$0.0808
$6.60/kW summer
R-3 $24 $11.50/kW winter $0.0909/$0.05475 $0.06670/$0.05475

Figure 2.4 APS demandrate options

In the US., utility companiesplan to invest an estimateazhe trillion in upgradng the
conventionalgeneration, transmission, and distributiofiastructurs in the power gridb resolve
stability and voltage qality problems caused by insufficient capacitesr the nexfifteenyears
(Dyson& Mandel 2015) However, theofficial forecastndicates that the trend of tpewer sales
growth ratewill be flat or even decline in thieiture, which would likely lead to increasing retail

electricity prices.

Rising retail prices of electricity and declining costs of PV systepty that gridconnected
PV systems will be economic within the néxie years. The utility company couttienfacea
significant decrease in power salegich support the reessary power grid maiabance and
upgrade. The solar systemtisisrecognized aboththe biggest threas well asopportunityin
the utility business modebustainable energy sources,sasthewind and the solar power, have
an intrinsic variability that can seriously affect the stability of the power grid if they account for a
high percentage of the total generation. Future high penetration of variable distributed energy
generation reqees a dynamic load in order to match the instantaneous energy generation, which
requires the effortef everybuilding operatos to make their energy demand flexible to adapt to
the dynamic change obpower generation in the gritdNevada ended net meterifg metering

procedure thagffectively makes the feedbapkiceequal to consumer price) in theates which
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could cause 32,000 solar ownensthe stateto be underwater on their investmeiifgizona
Builder Exchange website)ikewise, uility companiesend to reduce thieuybackrateof excess
PV generation in order to make prefitom selling electricityas well as redwethe threat from
unpredictable and uncontrollable dispersed generatwartisthe stability of the power gridn

the longterm,there is a danger th#te conflicting business goals of utility and PV investmes

not good for the healthy growth and development of the energy market.

Indeed, appropriately incorporatirsgistainable generatipauch agrom solar panelsand
wind turbinesin power systemsn boththe supply andhe demand sidean to a large extent
help reduce the burden on meeting the capaeduirement irthe power gridAt the same time,
adopting renewablessources can lower the carbon footprint andvené the destruction of the
ecological balancdt is expected that witthe increase dDER, the electricity system stakeholders
need to reform their current rate structures, utility business model, and regulation of the power grid
to accommodat®ER. Reasonable and effective legislation regarding the solar industry needs to

be proposed for the purpose of hieg growth and robust development of the power market.

This study starts from the assumption that peak power reductlmnlding ownerss driven
by their intentios of reducingtheir electricity bill.Various methods of reducing demand charges
are subjed of previous studies. For example, Ma &t (2014) employed an economic model
predictive control method to optimize building demand and lcoled that optimalpre-
programmingof temperature setpoint in the HVAC system can successfully shift major electricity
load to offpeak hours thuseduces demand charges$ianna efal. (2014) conducted a study to
optimize the dispatch strategy of battery stonagh thelinear prograrming method. The author
claimedthat PV alone cannot perfectly reduce peak power but PV with a batieage system

doesKim (2013) reporedthedemandside control strategwyith athermal energy storagadthe
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modelbased predictive contratethodto deal with uncertainties that embedded in the simulation.
Theadaptive modebased predictive control ¢tiethermal energy storage at nigiain provide an
optimal solutionto reducethe peak in the demarmofile the next daySalsbury etal. (2013)
introducel a predictive control strategy to help lauilding reduce peak power. Withapor
compression cycle systeras an example, this study concluded thamall building, improving

the energyefficiency ofthe systemwhich contributes substantially to the total energy cxest,
significantly reducehe peak demand and enempnsumption of the building throughout the day.
Yin (2010)presentedariedscenaios of DR strategies in terms of their effects on demandislift
and shedding durinidpe peak period. Tapaper concludethat the peak demand savings increases
as the building thermal mass increases, and thatquieng the building has a significant effect
on flattening the electrical load profilithout sacrificingthe thermalcomfort. The studies
mentionedabove have ollectively defined the problem and investigated particular, mostly

operational strategies to reduce peak power.

Important questionstill remain unrsolved regarding investment decisions of demand
charge saving strategiefor example, whais the best opmization strategy to allocate an
investment in light of so many correlated optimization faGétsw will different building types
require a different mix of technologies and operational strat2ffigsarticular, what determines
an effective tradeff between EEM and EFM investmenta®ther words, given a certain amount
of initial investment, how could one maximize the investment benefit in tefrradwucing demand
charges on hisonthly utility bill? If one wants to achieve a certain level of savings on demand
charges, which technology does this at the lowes®dd8iat isthe most significant factor that

contributes to demand charges in a certain type of commercial b@ildimg thesis will addres
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those qustions by analyzing theptimal investmentstrategyand exploring the mukliiactor

optimization space of demand charge reduction

33



CHAPTER 3 APPROACH AND METHODOLOGY

3.1 Deterministic Analysis

The first step of thishiesis is conducting a deterministic analysis of optimal investment
strategies to reduce demand charges. In order to find the optimal investment strategy, this thesis
proposes an optimal investment framework that is translated mtaestment analysis
instrument in the form of a spreadsheet based analysis tool. At itdleeiteol contains first
principlebased energy model of the building. It is suited to analyze different types of commercial

buildings undedifferentEEM and EFM selection and governed by a particase structure

In the deterministicstudy, a reducedrder building energy simulation model is created in
the EPC(to be introduced below)'he optimal investment strategy is tested with different rate
structures and different building types. The parameter space of the optimizatiorc@hoplyse
three categories of parameters: energy efficiency intervention, flexible building load control, and
renewable energy. The parameterized realization is detailsdbsection 4.1.1. The ultimate
optimization goal is tanaximize the net present val(ldPV) of the investmenin EFMs overan
investment time horizon diventy yearsThe optimization process is cadieut in Tecy OPT(to
be introduced below)Figure 3.1 illustrates the structure of the optimization platform for the

deterministic analysis.
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Figure 3.1 Optimization platform for the deterministic analysis

The starting pmt of thisdevelopment is the EPC calcula{tsO 13790, 2008and its adé
on for optimization studies (ERTechOPT). Firstwe will describe the EPC calculator. The inputs
of EPC containnine sectias: building information, heat capacitypuilding system,building
integrated energy generation systemmergy sourcezones,schedulesenvelope and material.
Inputs of EPC match the information from drawings, building description, retrofitting reparts a
other supplementary materials as strictly as possible. However, due to the calculation method of
| SO 13790, several inputs in EPC are fAaggrega
parameter so. Thi s means t lbwerhing pleysical gioperties arenp o n e |
provided by the modeler. For instance, only system COPs of the cooling system and heating system
are considered in EPC, which is not the necessarily the COP of the heating/deviceput

takes all system related losgtiars into account as well.

TechOPTis an extension of the calculator that finds the bestah&usetprovided set of

candidate technologies based on a -defined target. Moreoverevery technology has a
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predefined discrete set of achievement levedsh achievement level is associated with an actual

product in the market, with a specified cost of that product. In some, aageshnology
achievement is contitous, as is the case with PV installation, assuming that¢laechPV panels

runs fromzeroto themaximumspace availabléechOpt is an added feature to the EPC calculator

that performs the optimization by finding the optimum technology mix (requiring the solution of

a mixed integer continuous parameter optimization problem) given a ceritamon, such as

minimum toal cost within a time horizonT he opti mi zati on schi®mme us:¢
providedin Excel, and the input data provided in the EPC spreadsheet. There is no need for

external software, file, or computational code.

Thereare various masures and technologieshelp reduce demand charges as introduced
in the previoushapter Multiple energy model parameters are associated thélnealization of
these proposedheasures and technologies at different achievement |eMaésparameter set
contains both physical paneters that characterize a technology and its achievement (EEM), as
well as parameters that characterize an operational measure (ERi8l)presents a cortgx
optimization problem given the fact that so many factoe correlated to each other. In the multi
parametepptimization spacet is difficult to reach the optimum poimtithout a solid exploration
method througlhe spaceAlthough this approach has been applied in other building optimization
settings (Simonset al. 2015), hereis not a confirmed model thatan generatéhe optimal
solutionto reduce demand chargls a given building and its baselin€his thesis proposea
generic method to find the dependency between optimizpticemetershat defire thediscrete
technologiesand operational schemes arttieir significance in terms oincreasing energy

flexibility and demand charge reduction

3.2 Use of aReducedOrder Energy Simulation Software in Predicting Peak Demand
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EPC is chosen for this studthough it is well known that the reduced order model is
inherently limited in simulating the fast dynamics of temperature changes. Marg@ieherent
hourly time stepthat EPC usewill by necessity undestimate the real peak that may occur for
fift eenminutes withn the hour. This drawback does not only exist in ElGs actually a typical
weakness of the conveatial energy simulation softwaggven the fact that building peak load
estimation is instaareous and hard to be averagedauer a loger interval measurement period
This factis typical of no consequenae the estimation of building total energy consumption. In
other words, the estimation of the total energy usage in a month is accumul&iotelpEnergy
consumptioroverall hoursin themonth, while the peak demand is only accumulative energy over
a very short time period, typicallfteen minutes The reduced order model only supgahe
hour resolution of simulation while thdility looks atdemand ina 15-minutesor maxmum 30-
minutestime window The longer the time window, the less the peak demahdtth means that
using the 1hour time window reduces the value of peak power mathematically since it averages
out the peak power that occedsometime drng the one hour pesd. Although less of an issue
in aggregated energy consumption studies peak demand plaggpotentiallysignificant rolein

our peak load analyses.

Another drawback of EPC is that when calculating the load of the building, it treats the whole
building as onecombined zone, realized as olenped node with an internahpacityfactor
representingthe apaci t y oifterior budding eleménts.Mreréality, in office buildings,
the perimeter zone reacts differently for diffetgrdrientatedfacadesof the building. Whereas
one perimedr zone (e.g. north) may require heating, another zone may need cooling. This effect
is ignored as all loads are added together (positive and vegaticahg each other out) ignoring

theconsumption resulting fromimultaneous heating and cooling
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However, one must recognize that the optimization studiesgrihthsis are all based on
compaatve analysis, i.e. calculating the relative improvement of the consumption and peak load
reductio as the result of a set pérticular improvement meassrever a baseline. Adequacy for
comparative analysieequiresa much lowestandardor the fidelity of hie simulation tool(Kim
et al.2013. Neverthelessit is necessary to validate the reddi@eder modelto verify that its
substantial benefitsn computational simplicity outweigh the potential inaccuradiegalidation
experiment will be carried out i@hapter 7 with EnergyPlus as the higher fidelity model. The
result of the validation study shld confirm thata reducel order model like EPC is sufficidgt
accurate forthe purpose obptimizationas targetedn this thesis. Theurpose is to provide
sufficient confidence that our approach is adequate for the determination of the optimum mix of

EEMs and EFMs for demand reduction.

3.3 Optimization Parameters and Technologies

The optimization parametec®nsidered in this thesn be categorized into three types:
energy efficiency interventiorflexible building load controland renewable energyable 3.1
gives an overview ofthe parameters that will be explained belowm. energy efficiency
interventions, five parameters are considered as input variablesillhatpact the peak power,
coincident peak power and total energy consumption of the builbtifigration or air leakage
refers to the unintentional or accidental introduction of outside air into a building. Insulating the
exterior opaque envelope ofetlbuilding reduces transmission losses and gaims.is a typical
EEM in the building retrofit projectThe emissivity of the roof refers to the ability of the surface
material on the roof to readiate the absorbed solar radiation back to the sky, whlates to the
amount of total heat that is emitted by the roof material after the heat is abJdrbesblar

reduction factoof thewindow representshe permanent installation oéxternal shading devices
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or internal window treatmenwhichreducatheglobal transmission of solar radiatiof5Q 13790
Annex G.5.2. The Solar Heat Gain Coefficient (SHGC) of the windeswdefined ashe fraction

of incident solar radiation that entardo the interior space through thendow in the form of
direct radiation and heat from absorbed sodaliationin the window and internal shadesn(
indirect result of radiation)The procedure for testing window products and assigning SHGC
ratingsis performedoy theNational Fenesttoon Ratng Council(NFRC) first stardin
1993.Solar heat gain through windows is a significant fatttat will impactthe cooling loadn

commercial buildings.

In the operationabuilding load contrglthree parameters are considered as input variables
that will impact the peak power, coincident peak power and total energy consumption of the
building. Temperature contraif the buildingefers to seing the hermostat¢hatcan be set toward
the bottom of the comfort zone instead of the top (at #tstead o223 , for examplefrom 12
p.m. to 4 p.m. in summer months to reduce coincident Jdeklower temperature allows theiair
conditioning compressor to be turned off or its output to be reduced for short periods without
raising the temperature enough to rtioccupantsLighting dimmes installed in the lighting
system can be used to control the lights in certairsafeide building from 12 p.m. to 4 p.m. in
summer months to reduce the coincident pedéltage throttling with voltageeduction
controllers could effectively lower the coincident peak demand and energy over time by regulating
the voltage output of high poweonsuming equipment, i.e. chillers. Load shiftmgchanging
the usage policy antiime of high poweiconsuming equipment can shift building loads to times
when electricity prices are lower and to reduce peak dembandsnewable energy, installiray
certain sizePV systemis considered as an input varialiteat will impact the peak peer,

coincident peak power and total energy consumption of the buil@iregiactor related to cesite
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renewable generatios the area of the PV systerihe PV system installed on the roof can

generate electricity during a clear day with sufficient s@dration.

Table 3.1 Category of demand charge reduction intervention

Building Parameters
Infiltration Rate
Wall Insulation Thickness
Emissivity of Roof
Solar Reductioffractor

Energy Efficiency
Intervention

Window SHGC
Temperature Control
Flexible Building Load Lighting Dimmer
Control Voltage Throttling
Load Shifting
Renewable Energy Area of the PV System

Among the three categories of optimization parameters, the energy efficiency interventions
impactthe fisteady building load in terms of permanently changing the physical property of the
building to improve its thermal performance. The dynamic control rendwable generation
strategies help to improve tle@ergyflexibility of the building. The load/energy flexibility of a
building refers to the ability to control its power demand and generation to adapt to the local
climate conditions, user needs and geduirements (Huber et al.2014 aBthrke 2012). The
impact of both the static interventions as well as the dynamic interventions on the reduction of
peak demand will be analyzed@mapter 4 The correlation between optimization factors aiio

be distissed in the studiggesentedn Chapter 4

For building owners who want to reduce or eliminate electricity demand charges, the first
step is to understand which factor contributes significantly to the peak dasaattulated in the
demand chargefmulathatthe local utilityhas implementedA recent study showsr example

that onemajor peak power contributor could be the hydraulic elevator inside the building. The
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fluid in the hydraulic fluid tank needs to be heated through the friction of circulatate the
water pump in order to remaiat the normal operational temperature range. If the elevator is
seldom used, heating up tHeifl consumes a lot of energy awdl causespikes in the demand
profile. To avoid the friction heat procesgshich can be a big peak demand contributor, one
approach is to install an accessory heatea satingsource (Calderwood 2016}. should be
noted that these incidental contribrs to thepeakload are not considered in our study as their
impact is hard to generalize. In massestheir impact is relatively smalln office buildings, the
HVAC system and lighting system agenerallyconsidered to be the top two enempnsuners.
This raises the question whether they are also the top causes of demand charptsriirastic
analysis inChapterd will present the outcomes adidcuss the topanked contributors to demand

charges under different rate structures.

3.4 Influential Parameters on Peak Power in the Building

There are many fixed design factors that do not belong to the optimization parameter pool
proposed in sectioB3 buthave a major influence on the peak power of the building. It is important
to single out two majofactors: the size of the building and cooling capacity of the HVAC system.

They are discussed in the following subsections.

3.4.1 Size of thduilding

Demand charges apply to commercial and industrial builgwigieh consume more energy
compared to the residential sector @amdmore prone to have a high peak power demand. The
utility company charges their customers whose monthly or seasonal total energy consumption or
billing demand exceedscertain predefinethreshold. When we evaluate the energy performance

of a building,the Department of Energy (DOE) estabksha normalized baseline of energy
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consumption known as performance indicators and help building owners locate their usage level
of energy among pebuildings. When the utility company evaluates how much they should charge
their customer on peak demand, they base their chandbe overall buildingpeak deman¢kW)

instead of normalized peak demand, e.g. peak intekdMym?). This raises the quésh whether

it would create a fairer assessment if peak dehisevaluated on an intenskigisis (kW/n). To

answer the question, a comparative studyaisied out with variablebuilding area. Weonduct

the analysidor an office building. The propertie of the building envelopes are fixed, and the
internal loads are defined with fixed density and schedulgsle 3.2 lists the design variables
including building are, building height, building volume, cooling @iy for the comparative

study and the outcomes of the study including the peak demand and intensity of peak demand.
Figure3.2 shows the trend of the peak demand as the building size increases. The result implies
thatas the size of the building increases, the peak demand is lineadgsmg while the intensity

of peak demandemains flat. In most of the current utility rate structures for demand charges,
charges will kick in when building demand exceeds 200 kWien the peak exceeds this
threshold, the building will incur a higher rate compared to those below 200kW even theugh
normalized peak power per square meter remains the same. élsatige thukeeps increasing

with building size, the owner could save theoretically by building two separate smaller buildings
that keegheirindividual peak demand under 200 kW is understandable that utility companies
want to create a revenue stream through the design of rate structure as a market instrument to
flatten thepower demand curve, that ultiretreduces the cost of the distribution netwdsid s

PL tariffs (PL-Small, P.-Medium, and PtLarge) have an hours use of demand (HUD) stine¢

which charge their customer based on their total energy consumption as wéfleassage

frequency GPPLL).
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It is a typical rate sticture thatutility companies adopt to charge their customer based on
the total energy usage and the more they use, the less uthiengbay for energy, the higher rate
theypay for demand charges. However, to stimulate the healthy growth of the market, they should
also consider the fairness of the rate structtigen considering demand charges, should there be
a credit for a buildingwhich is larger insize but has a lowgreak power intensity compared to
peer buildings™n the current rate structyrdemand charge is calculatedsed orthe total peak
demand In light of atrend thatfuture building areon average have a larger si#A 2016),
should the utility take thatensity of demand in consideration to make the pricing argsi in
the electricity market fa@r? This warrantsa comparative analysaf the per unit floor areaost
savingon demand charge reductionanlargebuilding versusa small building. With the same
amount of demand charge reductidrihe cosper unit floor are@n alarge buildings higher than

in asmallbuilding, it will add additional unfairness to the curteate struture.

Table 3.2 Intensity of the peak powerwith changng building size

Building Area (m?) 500 | 1000 | 1500 | 2000 | 2500 | 3000 | 3500 | 4000
Building Height (m) 4 8 12 16 20 24 28 32
Building Volume (m®) | 2000 | 4000 | 6000 | 8000 | 10000 | 12000 | 14000 | 16000

Cooling Capacity (W) 50000 | 100000 | 150000 | 200000 | 250000 | 300000 | 350000 | 400000

Peak Demand (kW) 44.41 | 88.81 | 133.21 | 177.55 | 221.97 | 266.33 | 310.71 | 355.3

Intensity of Peak Power
(W/m?)

88.81 | 88.81 88.8 88.78 88.78 88.78 88.77 88.77

Table 3.2 details the physical properties of the building in comparative studies and the
charge of peak demand (kW) and its inten$iy/m?) as the floor area increas€sgure3.2 depicts

the trend of peak demand and intensity of peak demand when the floor area is increased. The
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results of the comparative analysis imfhat as the total floor area increases, the geskand
linearly increasewith sizewhile the intensity of the peak demand remains at a steady value with
a slightly decrease on the resolution of 0.01%/which could be ignored. the future study
reveals thaabuilding withlargersize indeed spendsore moneyvith thesameamount of demand
chargesavingscompaedto the smaller one, tHairness of current rate stituce design would be
doubtful since the intensity of peak demand in a large builditigeisame as in a small bdihg
while the demandtharges aresubstantiallyhigher. In the current studysuch a corparative
investment analysis alg the size axes is not conducted, as this is leffdaav-upinvestigation
that could be straightforwarnglconducted with the tool developed as part of this thesiswilVe
however compare three different building types. As size is an important factor, the comparison of
different building types needs to be conducted for buildings that are comparable #om th
perspective of demand charge. It wi# bxplained in the next chapteow the size of the three
baseline buildings (for officehospital andretail) have been chosen providean equal playing
field for the three buildings to compare different measfwedemand chargeeduction.
400 400
350 350

300 300
250 250

200 200
150 150

Peak Demand (kW)

100 100
50 50

500 1000 1500 2000 2500 3000 3500 4000
Building Area (m2)

Intensity of Peak Demand (kW/m”"2)

Peak Demand (KW) Intensity of Peak Power(W/m2)

Figure 3.2 Trend of peak demand and intensity with increased building floor area
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3.4.2 CoolingCapacity of the HVAGystem

The HVAC system is considered foe the biggest energy consunzrd in many cases
causing the highest power demandcommercial buildings (EIA 2011). Properly sized HVAC
systems should be able to fulfill the cooling and heating requiremernib angintainthe desired
level of thermal comfort for the occuganside the building (Thomas and Moller 2007). Existing
method to size the HVAC system includgandard design methods issuedASHRAE in the
U.S. and CIBSE in United Kingdomdhe load calculation and stgm sizing method introduced
in theASHRAE Handbooks of Fundamental (ASHRAE 2009) is the most widely accepted method
in the US. Mechanical engineers desitire HVAC systems based dhedesign day methothat
definesthebuildingd beatingandcoolingneed A sakty factoris introducedo the calculated load
in orderto manage the risk of amdersized systerwhichwouldfail to produce adequate cooling
or heating during operatiahhours However, the choice of the sf factor is highly dependent
on the personalexperience of systemesignexperts, who seek to minimize tpeobability of
system failure and thassociategrofessional riskA i ¢ 0 n s elesignaan eéasilyeléad to an
oversized systentelts and Bailey (2000), Djunaedy et al. (20Hhd Woradechiumroen et al.
(2014) claimed thathe systemoversizingcultureis quite common ithe current HVAC system

design industry with some systsimeing oversized by 100%.

Existing studies have shown the oversized sstem could lead to increagenitial and
operationakosts and ineffcient usage of the systemith components running &w efficiency
curves most of the timéDjunaedy et al. 2011; Jacobs 2003; McLain et al. 19Bb&ya and
Augenbroe (2016) claied that generic HVACsystem sizig method can cause oversizing in
many cases and propose a risk conscious wasgift sizingd HVAC systens. The result of this

study provedhat even if the system is 10% downsized, the number of unmet hours is still within
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an acceptable rangébove studies have revealed that oversized system only incréfeesabhlity

to deal witha large instant cooling loaavhich only occursat best a fewimes in a year and lead

to an unnecessary waste of operational cost with increased energy usage. Fordterges]

another effect of oversizing enters the equation, i.e. as larger system guarantees that at certain peak
days the peak loachay increasewith the maximum capacity of the chilldrindeed such peak

loads should occurlt is, therefore necessaryto study how downsizing or temporary voltage
reduction at peak hours (both have essentially the same effect) will affect energy flexibility and
therefore demand charges.comparative studys conductedo analyze the impact of system

capacityonthe peak demand of the building

Table3.3 demonstrates the result ofglscomparative analysis. In the comparative study, the
baseline building sooling systemcapacity is sized according ©@hapter 14 of théASHRAE
Handbook of FundamentépASHRAE 2009) which introduces cooling, dehumidification, and
enthalpy design conditions. Among#edesign day conditionghe 0.46 occurrencealry-bulb and
mean coincidentwet bulb tempeatures represent conditions on thettest, sunny daysvith
highest dry bulb temperatur€he sizing othecooling system in the baseline building withesaf
factor equals toneis based on this design day conditibhecompaetive studybelowvaries the
safety factor from 0.9 to 1.1 to study the impact cteay sizing. Installation cost of the cooling
systemis based omarket data analysigadingto anaverage cost ad cooling systenof $700
per cooling ton. The deamd charge rate structure is base®@&E6 s s ¢ h¥.drheldemarid
charge rate is $16.78 /kWfab ui | di ngdés bi I | i ng whilesteyimgdelow x c e e d i
499 kW. The cost of loss of productivity is calculated by muliqmgyt he wor k esaladys hour

with the percentageloss of productivity which is based on the conclusion of thermal comfort
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research that when the temperature in the space is higher than a certain value, the productivity of

the workers in the space will decreaSegpanen et a2004).

Table 3.3 Comparison of the economic effects of different sizing factor

System Unmet Peak Installation Demand - Loss (.)f.
Safety Factor Capacity (W) Hours Demand Cost ($) Charges Productivity
(kW) (%) (%)

0.90 256500.00 44 242.00 51054.21 4060.76  310.00
0.95 270750.00 11 250.00 53890.56 4195.00 24.00
1.00 285000.00 0 258.00 56726.90 4329.24 0.00
1.05 299250.00 0 266.00 59563.25 4463.48 0.00
1.10 313500.00 0 270.00 62399.59 4530.60 0.00

It is worth mentioing thatthe system cooling capacity could impact the peak demand in
two ways. Orthe onehand anoversized system will run #he low side of theefficiency curve
andwhich leads t@ waste of energy comptto asmaller size systen®n the other hand, if there
is an instantaneousg cooling demand inside the buildi{g g. a few timesa yea), an oversized
system will run at full capacitywhich creats an instant spike in the electricity usage profile of
the building while a smaller systemwill, in that casglead to a lowepeakbut with obviously a
(shor) period of unmetoad resulting in unmetours Table 3.3 indicates that when the system
designer adoptthe 0.9 safetyactor, the unmet hours will increase 44 Theunmet hours will
impad the productivity of the occupancly.can be seen thaidreasg the saéty factor does not
significantly reducethe wnmet hours but increasehe installation cost and demand charges
substantiallylt can be conladed that in this case using standazthg (safety factos 1) or under
sizing the system(safety factor= 0.9) is cost effective. Increasing the &gf factor not only
increase the installation cost but atealldincrease the monthly demand chardeshould be kept
in mind that the above study is in no way generic. It is done at this early stage to understand the

major implications of system size choice in the baseline building used in the studies conducted in
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this thesis. It can be concluded thgétem size is not a major influence on demand charges. We
will, thereforedeterminethe size of thechiller in the three baseline buildings with the standard

ASHRAE methodvith safety factoone.

3.5 Stochastic Analysis Framework

After conducting the determistic analysis, an extendé@meworkfor determiningoptimal
measures fodlemand chargesduction will be introducedith therecognition of the effects of all
possible sources of uncertainBigure3.3 describes the structure of taralysisframework.The
uncertainties in physical parametarsagescenaris, cost modelgproductivity loss modelduture
demand chargeates,and deterioratiorof the performance of certain technologes thenbe
considered when making the investment decision. The quantification of those uncertainties will be
based on the uncertainty quantification (UQ) repository developed in previous work in the EFRI
SEED popject (Sun 2014 The context of this thesis requiradditional parameteuncertainty
guantificationshitherton ot att empt ed. Thi s p e rtheancentantytno e xt
the technologies of certain measurasd in the future change of tlilemand charge reaeln
addition, this thesis will quantify the uncertainty in the function that describes the productivity loss
in response to theemporarychange of the thermostagttings and hence operative temperature
(Seppanen et al. 2004)he reslts of these new characterizationsl be added into thgeneric

UQ repositoryfor futuregeneral use

Rationally finding theptimum investment decision in recognition of uncertainties requires
the introduction of a stochastic optimization approactedrby preference criterat the building
owner and operatoRather than employing axiomatic utility theory, this research step is based on

a heuristic Arobustnesso criterion. Defining

48



major intelle¢ual challengehat does not fit in the scope of this thesidida, we will introduce a
number of plausible risk preference profiles and show the outcomes for these heuristically
determined profilesStochastic optimization will be carried owith @Risk software (Palisade

Corporation 2017), which is a risk analysis software using Monte Carlo simulation for Excel.

Energy Cost
Demand Optimal
Charge Cost Mix
Investment
Cost

@RISK
- Stochastic Optimization

Figure 3.3 Optimization platform for the stochastic analysis
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This chapter carries out the deterministic analysis of the optimal investment strategy for

CHAPTER 4 DETERMINISTIC ANALYSIS

three protaypes of commercial buildingsan office bulding, a hospital building, and a retail

building. The baseline modeksre taken fronthe U.S. Department of Energy (DOE) prototype

commercial building modeOE websitg, which satisfy the requiremtnof ASHRAE Standard

90.1-2010Q Table4.1 showsbasic informatiorof the prototype building model

Table 4.1 Prototype model information

Building E;z: \
Model ﬂ\'s
s \|E
S
Buildin . . .
g Office Hospital Retail
Type
Floor
3000 nt 3000 n? 3000 nt
Area
Load Duration Curve
300 . : . -
w— Office Building
= Hospital Building
250 | == Retail Building
200
Load Z
Duration 3 b
Curve =
100
50
0 ; . . . y : : ;
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Number of Hours
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It is worth mentioning thatteoriginalfloor area otheprototypebuildingin the DOE library
is different from the valuslisted inTable4.1 as used in our studps addresed in section 3.4.1,
the total floor space in the building impacts the peak demand. To eliminate the impact of floor
space and gain a deeper and moreighttrward understanding of demand reduction over
different types of commercial buildings, all three prototype building ns@telscaled up or down
to 3000 M. Figure4.1 illustrates théypotheticakchange of peak demandtimesethree prototype
buildings as the floor area increases. cbmducta fair compaison of the optimal investment
strategyamong different types diuildings,we need to match them either horizontélame peak

demand)r vertically(same floor area)ln this study, we scalhem tomatchingfloor area.

304 kW

Peak Demand

258 kW

Office Building
Hospital Building
Retail Building

Total Floor Area

Figure 4.1 Strategy for baseline building choice for analysis

Based on the strategy depictedrigure 4.1 we construct the baseline buildings for the 3
types. It can be seen that the peak pow&rbeany measures ranges fr@®l to 304 kW This
range is narrow enough to put all three buildings in the same range of demand charges, thus making

the canparison of measures realistic and relevant. For a full coverage of size andrigtiens
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the coverage of size and peak load should cover a large area of Figure 4.1. This is left to future
follow-up work. The optimal investment solution with a mix otterventions will be tested for

each type of commercial building under five different rate structures. Therefore, each analysis of
the optimal solution for a certain type of reference building consists of five cagessentinghe

different rate structes.For details of rate structures, referAppendix

Case 1 adopts tirates t r u c t u schedddPLM@PIid the electricity bill calculation
and optimization analysis. SchediM-11 (PLM-11) is designed for @y customer with a
demandhigherthan 30 kW but less than 500 kP chargeits customers $8.24 per kW of billing
demand The energy rate is based on HU®hich is based ont h e ¢ u databenergy 6 s
consumption as well abe usage frequencylable4.2 lists the energy ratef PLM-11. Thereis

no TOU rate oDR incentive inPLM-11. Appendix A details theate structure oPLM-11.

Table 4.2 Electricity rate of GP PLM-11

HUD Energy Rate($/kWh)
First 3,000 kWh 0.112561
HUD < 200 Next 7,000 kWh 0.103091
Next 190,000 kWh 0.088885
Over 200,000 kWh 0.068955
200< HUD <400 0.011437
400< HUD < 600 0.008606
HUD > 600 0.007486

Case2 employstheratest r uct ur e of PGRrEN@dum gendra demaned A
metered service option A. Sched#el0 (PG&E A-10) is designatedfor any customer with a
demanchigherthan200 kW but less than 49BW. Option A in schedule A0 is noRTOU rate
structure with a daily flat energy charge@emand chargeatein option A of schedule ALO is

$16.78 per kW in summenonthsand $9.45er kWin winter months The total energy rate is
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$0.16492 per kWh in summer &$0.12832 per kWh in winter. There no TOU rate oDR

incentive inA-10. The cost per kWlnly variesby season but not by the time of day. Appendix

B details the ratstructureof A-10 option A.

Table 4.3 TOU rate of PG&E A-10 and PG&E A-1

Energy Rate ($/kWh)
PG&E A-10 PGRE A-1

Peak 0.21972 0.25943

Summer PartiatPeak 0.16459 0.23578

Off-Peak 0.13652 0.20842

) PartialPeak 0.13641 0.21692
Winter

Off-Peak 0.11935 0.19601

Case3 appliestherates t r uct ur e

of

P G & E 61 foenhediuunt genierali t vy

demandmetered service option Bption B in schedule A0 isa TOU rate structure with the

energycost vaying by season and time of day the TOU rate schedule, rates are higher when

the demand for energy is highest, which generally occunsng midday and early evening.

Demand charge rate in option B of schedw&®is $16.78 per kW in summeanonthsand $9.45

in winter months If the optimization package could bring the billing demaatbly 200 kW the

rate calculation method will switch to schegl&-1, in which no demand charge appli€able

4.3 lists the energy rate of-A0 and Al. The definition ofon-peak, partiapeak and ofpeak

hours is detailed iTable2.1. AppendixC details the rate schedule 3 option B. AppendipD

illustratestheratestructure oschedule Al. Option Bof scheduléA-10 has PDP credits, which is

a DR incentive Customes enrolled in A10 will be chargd $0.9 per kWhduring the four-hour

event periodin contrastthey will recéve acreditof $3.26 per kW othe maximum summer peak

power reduction and a reduced energy dateng nonevent period
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Cased adopts the rate st rQb8optionA SahddulsSTOBS s s c he
3 option A is designated for any customer with a demand higher than 200 kW but less than 500
kW. If the optimization result could bring the billing demand below 200 kW, tteeca@culation
method will switch to schedule TOGS-2 option A.Option A in schedule TOAGS3 and TOU
GS2 is a TOU rate structungith the energy cost varying by season and time of @alle4.4
lists the energy rate of schedule TAGLE3 and TOUGS-2. The definition of orpeak, partial
peak and offpeak hours is detailed ihable 2.1. In option A of TOU-GS-3 and TOUGS2,
customers will be charged $17.81 and $15.48 per kW of billing demand correspondingly.

Appendix F and H detail the rate structure of schedule-BG3B and TOUGS-2 option A.

Table 4.4 TOU rate of SCE GS3 and GS2

Energy Rate ($/kwh)
SCETOUGS3 SCETOUGS3 SCETOUGS2 SCETOUGS

Option A Option B Option A 2 Option B
Peak 0.31634 0.11537 0.34167 0.11665
Summer PartiatPeak 0.10999 0.07813 0.11601 0.07921
Off-Peak 0.06944 0.06944 0.05918 0.06919
Winter PartiatPeak 0.0738 0.0738 0.07589 0.0759
Off-Peak 0.0643 0.0643 0.06573 0.06674

Caseb employgt he rate struct ur-6€S3doptiorSBCSERRedule SAh ed ul e
GS-3 option B is designated for any customer with a demand higher than 200 kW but less than
500 kW. If the optimization result could bring the billing demand below 200 kW, the rate
calculation method will switch to schedule TaRS-2 option B.Option B in schedule TO\GS
3 and TOUGS-2is a TOU rate structure with the energy cost varying by season and time of day.
Different from previous rate structures introduced in thiapteroption B in schedule TOAMGS
3 and TOUGS2 includes a continuousy active facilityrelateddemand bhargeand additional

time-sensitive demand chargé&3ption B of TOU-GS-3 charges$17.81 per kWof facility-related
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billing demandthroughout the year. In summer months, tirekated demand charges will be

added, which equi#o the sum 0f17.42 per kWbf on-peak demand and $3.43 per IdM\partiat

peak demandOption B of TOU-GS2 has the same rate structure but a relatively lower rate.

Appendix G and Hiletail the rate structure of schedule TG 3 and TOUGS-2 option B.

Customersn option B of TOUGS-3 and TOUGS2 could decide whether they want to

optin a DR contract, which is the critical peak pricing (CPP) rate strudfubellding owners

choosdo enroll inaCPP planthe energy rateill increasd¢o $1.3745perkWh during CPP event.

On the contrary, thecould get a credit of $11.4ger kW reduction of then-peak demandThe

maximum number of the CPP event is limited to 12 each year, each lasting 6Appasdix E

and ldetail the rate structure of CPP in sthie TOUGS-3 and TOUGS-2.

Table 4.5 List of five cases in the analysis of each type of commercial buildings

Rate Structure

DC Threshold
(W)

Demand Charge Rate ($/kW)

Energy Rate ($/kWh)

Summer | Winter

Summer | Winter

Coincident
Peak

TOU

DR

Case 1

GP PLM-11

35-500

8.24

Table 4.1

Case 2

PGE A-10 Non TOU

200-499

16.78 RS

0.16492 0.12832

PGE A-1 Non TOU

75-200

0

0.16492 0.12832

Case 3

PGE A-10 TOU

200-499

16.78 [ 945

PGE A-1 TOU

75-200

0

Table 4.3

Case 4

SCE TOU-GS-3 Option A

200-500

17.81 17.81

SCE TOU-GS-2 Option A

20-200

15.48 15.48

Case 5

SCE TOU-GS-3 Option B

200-500

17.81+17.42+3.43 17.81

SCE TOU-GS-2 Option B

20 -200

15.48+17.32+3.38 15.48

Table 4.4

Table4.5 lists the five cases with different rate structures that will be taken as input in our

study.In case 1, both the energy and demand charge costs are flat rates proportional to the actual

usag . I n

case

2 ’

the Dbill

ng

demand

can

be

red.t

could lead to a big difference on the annual utility bill. In case 3, the daily electricity price is no

longer a flaratebutvaries according to season and tirhday, and &R rate structure is included.

In case 4, the electricity price is a TOU rate structure. In case 5, demand charges include time
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correlated coincident peak demand, which is measured during certain hours in summer months.
Comparing the optimaltsitegy for cases 1, 2 and 3 could reveal the impact of a demand charge
threshold and the TOU rate structure on the optimal choice of measures and the associated
investment. Comparing the optimization resudtir cases 3 and 5 could illustrate the différen
impact of the coincident peak demands to the selection of the optimal set of measures. Rate
structures irthe five cases described above reflect different utility strategies, and by comparing
their impact on the optimal set of measures, we will gainepeleunderstanding of how utility

rate structures change the market response and lead to different retrofit investment choices.

In each casehe following analysis will be carried out

- Analyze the variability and sensitivity of peak load and
energy consumption for the range of EEM and EFM

- Calculate the mnthly electricity bill

- Determine the costptimal selection of EEM/EFM

- Financial analysis of the investment EEM andEFM

The nonthly bill will be calculated based on the rate structure designéiffeyent utility
companiesA detailed calculationof theutility bill in Augustwill be illustratel as an examplin

each case

The nextstep is searching for the optimal investment strategyniaaimizesthe NPV of
the investmenbver a 2Gyear period.The impact ofEEMs andEFMs will be separateth the
optimization analysighus tvo consecutiveptimization analyss will be presentedThe first one
finds theoptimal combination of EEMghat maximize theNPV for a specific budget ceiling as
explained belowWe will consider 5 distinct budgets between 0 antbaimum as determined by
the application of all EEM at their maximum achievement |leBatget level 1 represents the
baseline building with no EEM, i.e. with zero budget. In each of the following budget levels, there
is a $50,000 increment in the capital budgehpared to the previous one. At budget level 5, the
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budget reaches $200,000, which is determined for the given building as the budget that is necessary
to apply all technologies and at maximum achievement l@W&.second optimization searches

for the optimal combination of EFMs that maximizes the NPV for each of the five budget levels.
The values of EEM parameters in this second optimization are the outcomes of the first
optimization study and fixed at those valuEse intent of tis separations to olserve the impact

of energy efficiency features on the selection of EF¥Mis expected that igeneral the role of

EFM diminishes as more is invested already in EEMthe optimization study,he relative
economic significance of EEMs atFMs will be analyzed.One objective of the analysis is to

reveal the mechanism of how specific demand charge rates lead to different investment choices.
The other objective is to show whet after implementing EEM with increasing available budgets,

the role of EFM wil diminish.

We also conduct a sensitivity analysis to find out the most influential factort afitdr
insightinto the optimal investment strategy for five different rate structuksanalyses in this
chapter are conducted with the reduced ositeulation,i.e. the hourly EPC (1ISO 13790, 2008)

introduced in Chapter 3.

4.1 ReferenceOffice Building

The referenceoffice buildingis located in Atlanta, GA. The total area of the-sigry
building is 3000 rA The setpoint temperature of the buildisg213 for heatingand 24 for
cooling. The primary energy source for heating and domestic hot water is natural gas, and the
primary energy source for cooling is electricity. The maximum cooling capacity of the chiller is

285 kW.Table4.6 lists thesimulatedmonthly peak demand and consumption. The summer peak
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load is 257.96 kW occurring in Augustigure4.2 illustrates the categorical distribution of annual

energy in the office building. Cooling and lightiage the top twenergy contributa respectively

4.1.1 SensitivityAnalysis

SAi s d e f therswdly ofd®n uiicertainty the output of a model can be apportioned
to different sources of wuncertainty in the mo
guestions Awhich of the input variables i nfl ue
2004).Mechriet al. (2010) implemented varianbased methods to identify the design variables that
have the most impact on the variation of the building energy performance for a typical office building.
Ruiz et al. (2012) also identified the most influential paramset#ecting the final energy consumption

in office buildings with variancdased methods.

Table 4.6 Monthly peak demand and energy consumption

Peak Demani Monthly Total Power

(kW) (kWh)
Jan 175.67 32305.48
Feb 217.50 34612.50
Mar 231.59 51876.44
Apr 238.28 54453.42
May 256.66 67682.24
Jun 248.74 69184.85
Jul 257.84 71616.00
Aug 257.87 77519.15
Sep 256.98 62185.22
Oct 247.15 50971.54
Nov 197.30 40945.80
Dec 181.93 33230.08
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A first order SA is conductet identify the factor that has the most significant impact on
peak demand and total energy consumption obftfiee building. The dependency of the peak
demand on the chosen variables can best be shown through the ressitingtdin of outcomes
asa function of the possible variation of input variabl&able4.7 lists the building parameters
which are assumed to have a value randomly selected from a uniform distribution between a min

and max value as given in the table.

Office Building Electricity Distribution

Appliance
Cooling

Fan Power

Lighting

Figure 4.2 Categorical distribution of electricity usage inthe office building

As introduced beforestrategies that reduce demand chaegesategorized into three types:
energy efficiency interventiorflexible building load contl, and renewable energy. In energy
efficiency interventions, five parameters are considered as input variables that will impact the peak

power, coincident peak power and total energy consumption of the building.

Infiltration or air leakage refers to thmmintentional or accidental introduction of outside air
into a building. The range of infiltration rate is from @2h/m? to 0.8 n¥/h/n? (EN 15242) The

total cost of caulking a typical office building includes labor fees of caulking at the window trim,
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door trim, aregreparationand protection, as well as the materials fees. The total cost of caulking

ranges from $400 to $1,000 every 100 m depending on the quality of the work (RS Means 2017).

Table 4.7 Li st of optimal variables

. Value
Building Paraneters . Cost
Min Max
Infiltration Rate(m3h/n¥) 0.2 0.8 $4-$10/m
Energy Wall InsulationThickness (mm) 0 100 $10$17/nt
Efficiency Emissivity of Roof 0.4 0.9 $10$22/nt
Intervention Solar ReductiotFactor 0.8 1 $45$65/eactwindow
Window SHGC 0.25 0.8 $4503$650/eactwindow
Flexible TemperaturéControl (3 ) 0 2.5 Productivity lost
Building Load Lighting Dimmer 0 30 $300eachdimmer
Control Voltage Throttling 0 1 Productivity lost
ReE?]inV;yble Area ofthe PV System (m) 0 200 $520 per A

Insulating the exterior opaque envelope of the building reduces transmission losses and
gains. Itis a typicatEEM in the building retrofit projectThe typical range for the thickness of the
wall insulation layer is @m to 100mm. The cost to install a typical batt insulation layer includes
labor fees of fitting and securing batt insulation between open wall joisfsarationand cleanup,
as well as the materials feéhe btal cost of instding wall insulation ranges from $1,000 to

$1,700 every 100 (RS Means 2017).

The amissivity of the roof refers to the ability of the surface material on the roofraxrate
the absorbed solar radiation back to the sky, which relates to the amtaiat béat that is emitted
by the roof material after the heat is absorf3de emissivity of roofis measured on a scale ranged
from Oto 1. The closer the value is to 1, the higherghessivityandmore emitted heab the
colder night skyhe roofcan emit heatMost (untreatedjoofs haveanemissivityranged fron0.8

to 0.9, which impliesthat the emissity to the colder sky through long wave radiation is
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unsuppressed he more important parameter of the roof surface is its absorptance of shortwave
radiation from the sun. Color plays a major role in the reflective properties of th&hnedfypical
rangefor the reflectivity of the roof is from 0.4 to 0.¥alues lower than 0.6 can only be achieved
with special whitecoatings, and they only perfonwell over time if the roof surface is kept clean.
With enough regular rainfalho other cleaning typicaly necessaryThe cost taoahangeafi d ar k 0
roof to a white roof includes labor fees of removing previous paint, brushing paint, andtheéding
waterproof layer, as well as the materials f@é&® ptal cost of painting a roafhite ranges from

$1,000 to $200for every 100 i (RS Means 2017).

The solar reduction factasf the window representsthe permanent installatioshading
devices outside or curtains inside the windows, wheclucethe direct and indirect transmission
of solar radiation into the buildingSO 13790 Annex G.5)2The typical range othe solar
reduction factor of white curtains inside the window is from 0.6 fthg. closer thealueis to0,
the higherreduction ofthe global transmission of solar radiatiamd the better thermal
performanceof the curtain The cost to install a curtain on a typical window includes labor fees
of punching holes on the walhangng the curtainand the cost of materialse total costof

installing a white curtain ranges from $45 to $65 each windowMB&hs 2017).

The SHGC of the windowis defined aghe fraction of incident solar radiation that enters
the interior space through tendow in the form of direct radiatigrandthe absrbedheatfrom
the window and iternal shadesgnindirectresult ofradiation) The procedure for testing window
products and assigning SHGC ratingsperformeddy theNational Fenesttion Rating
Council(NFRC), which was firststartedn 1993.Solar heat gain througthe windowis a
significant factorthat will impactthe cooling loadn commercial buildingsSHGC ofglazing

ranges fronD.25 for highly reflective coating®n tinted glazing with double layergo 0.8 for
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uncoated watewhite clear glassvith a single layerThe closer thevalueis to O, the higher
reduction of thancident solar radiatiothat passsthroudh the window andthe better thermal
performanceof the window. The cost of replacememtf existing window includes labor fees
for removing anddisposng of old windows, installing replacement windawand the cost of
materials.The btal cost of replacing a window ranges from $400 to $@epending on the

physical prorty of the window (RS Means 2017).

In theflexible building load contrglthreeparameters are considered as input variables that

will impact the peak power, coincident peak poveed total energy consumption of the building.

Temperature conttaf the buildingrefers tothe setting othermostatshatcan beadjusted
toward thecomfort threshold/alueinstead of theptimal desired valuéat 2% instead of 22 ,
for example)from 12 pm. to 4 p.m.in summer months to reduce coincident pddie range of
the temperature contréibatis from B to 2.3 . The cost of the temperature coniséstimaed

based on annual productivity loss of the people inside the building.

A lighting dimmer installed in the lighting system can be used to cdight$ in certain
area of the building from 12.m.to 4 p.m.in summer months to reduce the coincident peak
demandThenumber of lighting dimmers in the buildingngedrom 0 to 30. The cost afistalling

a lightingdimmer includeshe materiabndlabor fees, whichranges from $200 to $300.

Voltage throttlingwith voltageredudion controlless, couldeffectively lower the coincident
peak demand and energgageover time throughregulatingthe voltageoutput ofhigh power
consuming equipment.e. chillers. In the optimizationspace the voltage thrdtling is a binary
parameterthatthe usercoulddeterminenvhether or noto install an active voltage controll@he
voltage throttling is realized by implementing a 20% capacity reduction on ther ahibur case
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studies The cost of the voltage throttling calculated based ahe annual productivity loss of

people inside the building the case that a temperature increase is the result of the voltage
reduction. Other cost factors associated witttage reduction such as potential damage to
equipment, added maintenance or shorter equipment service life are not considered at this stage of

analysis.

It is worth mentioning that all the three EFMs introduced in this thesis are considered as
static bulding control strategy, which is applied to all days during the year. In reality, the EFM
should beébased on a dynamic signal sent from the utility or model predictive control. This thesis
treats the dynamic control decisiomss a fid e s i g nesignecas &xedpmtocoliThee . d
reasonis thatwe want to explore thénclusion of the measure as a design decision that will be
applied irrespective of the need for peak load reduction on a givesutdyas the day thiatthe
expectation will be a @k load day. In other wordspur focus at this stage is only arhether
implementinga certain EFM in the building based on a fixeaily schedulewill be among the
optimal set of designed measurest is to be expe&tr-rédMd pemhaled s uch
heavily because of its indiscriminate daily application. The next stage is then to add dynamics to
such an EFM which will make it more likely to be among the optimalsetdynami@pplication

of EFMs will be dealtwith in follow-up work.

In renewable energy, installing a PV system is considered as an optimization parameter that
impacts the peak demand, coincident peak demand and total energy consumption of the building.
A rooftop PV system can generate electricity during a clear day witkisutfsolar radiation. The
total area of the PV array in the case building ranges froritd 800 n?, whichis limited to the

size of the roof ared.able4.8 details the cost analysis of a typical PV system.
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Table 4.8 Cost information of the PV system

PV Generator Solar Module

SunPower SPR-245NE Mono<-Si PV module
Efficiency: 19.7%

Maxiimum Power Output: 245 Wdc

Support Structure (Mounting Frame)
DynoRaxx Evolution FR System:

-Baskets (Fiberglass) - 1.7 baskets’PV module
-Rails (Fiberglass) — 2.1 rails/PV module
-Clamps (Stainless Steel) — 3.5 clamps/PV module
-Dyno Pins — 4.2 pins/PV module

Inverter

SunPower Corp (Original Mfg): SPR-5200 240V
AC Voltage: 240V

Power Aco: 5,200 Wac

Power Dco: 5,384 Wdc

Monitoring System

$100/m’

$420'm

Monitoring System for PV mstallation

Feed in meter

Feed-in meter for PV installation

DC/AC Cabling

Draka cables for connection between the solar panels
and the inverters

In the first stepa range analysis arsngivity analysis (SA)f the billing demanabf the
buildingis condweted Figure4.3 shows theange odistribution of the peak demand the result
of varying theEEM/EFM parametersvithin their given rangdased on the choice of amures,
which illustrates that the billing demand can be reduced to 200 kW with the proposed measures,
i.e. thereare a few (approximately 2%g@alizations of measures that will lead to a demand below

200 kWw.

Figure4.4 andFigure4.5 rankthe significanceof each parameter in tlesulting peak load
distributionbased a the change in output mean and regression coeffidigatresult is shown in
a customary tornado plotvhich can be interpreted as followBornado diagrams are useful for
deterministicSA in terms ofcomparing the relative importance of variabl&or @ch variable

consideredthe range of the outcome will be estimated through multiple repeatable simulations
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with the randomly selected value from the variable spHoe sensitive variable is modeledaas
uncertain vale while all other variables aftesld at stablevalues In this casea decision ma&r

needs to visually compare ningeasures$o reduce demanchargesandcome to the conclusion

that the main focus should be on roughly four domirfantors. In a regression coefficient
diagram, the top four bars represent varialthed contribute the most to the variability of the
outcomeand theefore on what the building ownghould focusThe top four factors that have the

most significant impact on the billing demand are foundetalire SHGC of the window, the solar
reduction factor, the temperature control, and the PV area. The SHGC of the window and the solar
reduction factor rank the first and second most influential parameter. This is caused by the fact
that Atlanta has strorgplar radiation in the summer season, especially during noon hours, and the
building has a 50% windowo-wall ratio on the east and west fagade. Therefore, the window
SHGC and the solar reduction factor can reduce the solar load the most and have shiaripghe

on thepeak demand
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Figure 4.3 Distribution of the peak demand
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PV Area
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Figure 4.4 SA ranking based on the change in output mean
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Figure 4.5 SA ranking based on regression coefficient

The second step of the SA is carried oatthe coincident peak demand of the building.

Figure4.6 illustrates the distributionf the coincidentpeak demand abkeresult of varyingeEM

and EFM parametersvhich implies that the coincident peak demand in the building can be

reduced toroughly 140 kW with the proposed optimization factovgith the most extreme
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reduction being 134 kWFigure4.7 andFigure4.8 rank thesignificanceof each parameter in the
resulting coincidentpeak load distributiorbased onthe change inthe output mean andhe
regression coefficienT.he top three factors that have the most significant impact on the coincident
peak demandrethetemperature controthewindow SHGGC andthe area of the PV systeifhe
temperature control ranksthe most significant factor. This is duethefact thd the temperature
setpoint is temporarily increased during the summer peak,valich brings down the coincident
peak demandlhe area of the PV systeranksas the third significant factoPV generation, to
some extent, is correlated to the coincidesdk because the increased solar radiation is one of
the main reason that the building load increases. By producing more power during peak hours with
themost amount of solar radiation during the day, instaliiy/ system is recognized as one of
the mos effective measures that could decrease the coincident peak demand by increésaagy the

flexibility of the building.
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Figure 4.6 Distribution of the coincident peak demand

Coincident Peak Demand
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Figure 4.7 SA ranking based on the change in output mean
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Figure 4.8 SA ranking based on regression coefficient

The last step of the SA is implemented on tittal energy consumptioof the building.
Figure 4.9 shows the distribution athe total energy consumptias the result ofvarying the
parameters that characterize the EEM and EFM range of the distributiompliesthatthe total
energy consumption in the building can be reducedBo00 kWhwith the proposed nasure.
Figure 4.10 and Figure 4.11 rank the role of each parameter in the resultiol energy
consumptiordistributionbased orthe change in output mean aneggression coefficienRPV area
ranks as the top significant impact parametéindow SHGCand solar reduction factor rank as
the second and third mostfluential parameter. Tempature control that ranks third most
significant factor in the SA study of peak demand and coincident peak demand dskeswat
significant impact on the total energy consumption, which is because temporarily increasing the

temperature is merelyload shiting strategy that shitpart ofthe load to offpeak hours.

The results of the SA based regression coefficient shalat infiltration has a negative
impact on the total energy consumption of the building, which implies that sealing the building
beter will actually increase the annual energy consumption and peak demand. Infiltration in the
building can bring in extensive heating load in winter and cooling load in summer. However, the
result in the case study suggests that utilizing infiltration edm teduce the cooling load of the
core zone of the building during the winter season and cooling down the building in early morning
and night time during the summer season. The energy savings of night cool down in summer and
winter coolingexceedthe costof increased heating load in the winter season. Therefore, better
sealing a building does not always bring down the energy costs. In certain climate zones during
certain periods, the buildingould in fact rely on natural ventilation for cooling. Thensa

conclusion could be applied to the insulation of the building. Better insulation can decrease the
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positive effect of losses to the outside during cooling times of the day. Generally, in hot climate
zones, buildings with relatively high heat gain (salad other) can have higher cooling loads with
decreasing infiltration and higher insulatidinis trend is seen in many commercial buildings with

a relatively high internal gain, resulting in a net cooling demand for most months of the year.
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Figure 4.9 Distribution of the total energy consumption
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Figure 4.10 SA ranking based on the change in output mean
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Figure 4.11 SA ranking based on regression coefficient

The interpretaon of the SA needs to be done with cdrefact, i is only a limited way to
interpret the effect of parameters in the outcomes. It is important to note that the sensitivity index
outcomes depend on the range within which each design variables wep@dicular, if the upper
limit or the lower limit d a factoris extendedlits contributionto theoutput variancenayincrease
while the contribution of the other design variables decressasonsequend@nthetotal energy
consumptionthe PV areaanksasthe most significant factolhe range of ta applicable PV area
is obviously a dominant factor in this. For a smaller aryef it will be found that PV is no longer
the dominant parameter. It must be well understood that results obtained in the SA studies above,
pertaining to the total varianced peak demand, coincident pealemand and total energy
consumptiorand ranking of most influential parameters, are very dependent on the definition of
the ranges of the EEM and EFM variables. If the ranges were shortened, it would be possible to

see a redlction n the sensitivity as well as a different ranking of the parameters.
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The nextsessionswill show the financial analysis and cost optimization of EEM/EFM for

the office building under different rate structures.
4.1.2 Case 1: Georgia Power PLilI1

This casexdopts th&PS schedule PLML1 to calculate the cost of electricity an@valuate
theoptimal combination of EFBIto reduce demand charg@e case buildings peak de man
257.78 kW, which is difficult to reduce below 30 kW. Therefore, for the case building, demand

chargesarelinearly correlated to the peak demand value in each moubarthe PLM-11.

Georgia Power 6s P o-®matl, Pl@ediumgahd PtLargejaddptthe ( P L
HUD strucure, which chargs customes based on their total energy consumption as well as usage
frequency (Georgia Power PLLHUD indicates how consistently a customer is using electricity
during the billing month. The higher the HUD, the more hours the customer is ngeaatl
usually the lower their unit (kWh) cost. HUD determines how a customer is billed under the

appropriate Power & Light tariff. Tehcalculation for HUD is:

(5% -11 0T AAAACD OO HOGEMEI RET BEX

The first step is to calculatee monthly electricity cosflakingthe summer month August
as an examplehe first part is taleterminethe peak demanith the current monthAccording to
Table4.6, the peak power ithe current montis 25787 kW. According to PLM11, this value is
higher than th@5% ofthe highestpeakdemandn summer monthand 60%peak power irwinter
montts, the billing demandgower in August is 2587 kW. The second paris to calculate the

HUD in August.

(5% XXLVEBEICULET7 omm
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The HUD in August is higher than 200 hours but less than 400 arasrding to Appendix
A, the electricity price is $0.011437 per kWhable 4.9 illustrates the steps to calculatee

monthly electricity bill in August

Table 4.9 Calculation of the monthly electricity bill

Customge C 1 mc@$19.0 $19
De ma n dg eCsh a 257.8@%$8. 24 $2, 1
Energrge€ha 7519.1 @$0.01 $88¢

Subtot al $3, 0
ECCR r€as $29 @0.100 $30¢
NCCRhrges $3,0 @0. 075 $22¢
FCR rGka 7hA19.1 @%$0. 03 $2, 5
Subtot al $6, 0
MFF Charge $6, 0 @0. 029 $177
Subtot al $6, 2
Sal es Tax $6, 2 @7% $43¢
Tot al El ec $6, 7

In GP PLM11, Environmental Compliance Cost RecovéBCCR)chargesrecover the
costs of installing and operating environmental controls mandated by the government. Nuclear
Construction Cost Recovery (NCCR) charges recover financing costs related to the construction
of two new nuclear units at Plant Vogtlear Waynesboro, GA. Fuel Cost Recovery (FCR)
feerecovers fuebnd environmentalost. Municipal Franchise Fees (MFF) recotrer payment
to cities for allowing GP to conduct business within the city limits and on the cities-afjtay.
The total amounto be paidby the building is $804.76. The result reveals that the total energy

charge is only 10% of the total bill, while the demand charge is aB@&sif the total bill.

Thenextstep is to determine the cagttimal selection of EEM at each of tfiee distinct
budget levels introduced beforgEhe first level is the baseline building with zero EEM budget. In

each of the followindpudges, there is a $50,000 increment in the capital EEM funding compared
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to the previous ongnd at the highest levehe initial EEM budget reaches $200,000 (which is
the maximum possible investment in EEM for this buildind)e next step is tdetermine the

optimal investmenin EFMsfor the five distinct EEM budget levels introduced before.

The optimal combinationf EFMs is determined by maximizing the NPV o@eR0year
period.The intent of separating EFMs from EEMSs in the optimization analysidirsitbow much
demand charge reduction through EFMs is impacted by the level of EEM budget and its associated
acconplished energy efficiency in the building. Moreover, we gain insight in the demand charge

reduction potential of EFMs. The two stepye implemented as follows:

Step 1: find optimum EEM for the chosen budget level. This is done by finding the optimal
set d EEM that fits exactlywvithin the specified budgethe budget is not usiram upperconstraint

but it is the fixed amount to be spent on EEM.

Step 2: with thdixed EEM results of step 1, find the optimum mix of EFM that can be

added; this is done Hinding the EFM mix that achieves maximum NPV over 20 years

The results of the analysseshown inthe graphs belowThe interpretation of the charts
below and throughout this analysis needs to be done with care. Each graph sHwegltbnct
budget levels along the horizontal axis (1 toH)e red line corresponds to the legend on the left,
showing the investmem the technologies and measuies the EEM investmenthisis exacdly
equal to the given budget as explainEde green line showtke demand chargsavings that can
be obtained by choosing the EEM or EFM or both at the 5 budget levels, using the green legend

on the right.
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Figure 4.12 Investment and demand charge savings of EEMs

Figure4.12 displays demand charge savsws the result of implementing EEMs at five
budgetlevels The red curve represents the investment andren curve corresponds to annual
demand charge savingEEM. Both curves go upwanghich can bexpected. The figure cannot
be used to determine the optimum investment case although it camlikatehe first 50,000 of
the budget has the highest tela return (steegst asent in the green curve) when only considering
demand charge reduction. As the investment also generates revenues from energy consumption

reduction, the optimum investment may occur at a different budget lemeNRV study is

therdore performed below.
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Figure 4.13 Investment anddemand charge savingef EFMs

Figure4.13 showsthe investment in EFM at the five EEM budget levels, with the resulting
demand charge savingkhe red curve represents the investment, which drops sharply at budget 2.
Budgets 3, 4 and 5 have the same costs, which are higher than those at blickgetezn curve
corresponds to demand charge savings, which shows a downward trerulittgetl to 5.1t is
notablethatthe building operator spends the same amount of money on &HMslgets, 4 and
5, however, the demand charge savisigsvly decline as tt EEM budget increases. This not
surpising as in general, we expect that fhatential ofdemand charge savings througiMs is
impacted by energy efficienayf the building. As more budget is allocated to enhance energy
efficiency features, the spafme demand charge reduction through improving energy flxilin
buil dings i's compressed, and only the fAcheanp

buildings.
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Figure 4.14 illustrates the total investmeiftor EEM and EFM combined) and demand
charge savings. This is basically a combination of the previous two figures. Thesuggdit

thatbudget2 has the maximum efficiency of investmamtdemand charge savings.
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Figure 4.14 Investment and demand charge savings of combined EEM+EFM
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Figure 4.15NPV results of combined EEM and EFM
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The NPVresluts displayed inFigure 4.15 imply that the optimal investment strategy
budget 3has the maximum investmeoayback over twenty year the case building usevants
to achieve maximum investment gainsaitwenty-year period, they should choose the optimal
investment strategy suggestdoudgeB. If they pursuehefastestpayback of the investmeint
demand charge reduction, they should choose the optinegtment strategy suggestadoudget

2 as suggested Wyigure4.14.

4.1.3 Case2: Pacific Gas& Electricity A-10 NonTOU

This case adopts the G & E $cseduleA-10 nonTOU ratesto calculate the cost of
electricity andto evaluate théest measurandinvestment strategy to reduce demand charges.
The case buimadis258&W. If he end usahceessfullyattemps to reduce the
peak demand below 200 kWhey could switch to scheduleAfor small general service, which
has the same energy raA-10, but no demand chargéerefore, ifthe results show thdemand
charges contribute a lot in the electricity bill, the end user shoake a serious efft to bring the

peak demand below 200 kW.

The first step is to calculate the monthly electricity Aikkkingthe summer month August
as an examplehe firstpart is todecidethe peak demand in the current mofithe customer will
be billed fordemadaccor di ng to the customer O0tehigleesti mum ¢
15-minute average in the montAccording toTable4.6, the billing demandn August is257.87
kW. Appendix B lists the rate structure of scheduld@®nonrTOU rate.Table4.10 details the

steps to calculate the monthly electricity bill in August.

Public Purpose Programs is used to fund steiadated gas assistance programs for low

income customers, energy effio®y programs, and publiaterest research and development.
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Nuclear decommissioning recovers financial costifecommissioimg of anuclear power plant
when it reaches the end of its useful life intth&.This charge is directlgeposited in a trust fuip

and do not belong to the utility compai@ompetition Transitio€harges iscollectedto pay down
stranded costs incurred as a resulheftransitionfrom a regulated market to a deregulated one.
Department of Water Resources (DWR) bound recoversféed3WR procuring electricity on
behalf of the three investawned utilities in January 2001, during the California energy crisis.
New System Generation Chargevers the cost of adopting new systems to produce electricity.
The total amount tbe paidby the buildingin Augustis $18,46272. The result reveals that the

demand charge R0% of the total bill.

Table 4.10 Calculation of the monthly electricity bill

Customer Chaye 3ldays @ $4.60 $142.59
Demand Chages 257.87 kW @ $16.78 $4,327.06
Energy Cheges 77519.15 kWh @ $0.14 $10,518.57
Transmission Rate Adjustment: 77,519.15 kWh @ $0.00472 $365.89
Public Purpose Programs 77519.15 kWh @ $0.01416 $1,097.67
NuclearDecommissioning 77519.15 kWh @ $0.00149 $115.50
Competition Transition Charges 77,519.15 kWh @ $0.00100 $77.52
DWR Bond 77519.15 kWh @ $0.00549 $425.58
New System Generation Charg 77,519.15 kWh @ $0.00238 $184.50
Subtotal $17,254.88
Sales Tax $17,254.88 @ 7% $1,207.84
Total Electric Charges $18,462.72

The next step is tdetermine the gtimal investmenin EFMs for the five distinct EEM

budget levelswhich arethe same adescribedabove.

Figure 4.16 displays demash charge savings and investnmemf implementing optimal

EEMs Thered curvaepresents the investmextteach budget levelnd hegreen linecorresponds
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to demand charge savindgdoth curves go upwardmongfive distinct budget, budget2 turns

out to have the highest efficiency of investmevtien only consigling demand charges.
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Figure 4.16 Investment and demand charge savings of EEMs
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Figure 4.17 Investment and demand charge savings of EFMs

Figure4.17 showsinvestmentslemand charge savings of implementing the optimal EFMs
at each EEM budget levét is found that optimal investmerstidentical at all budget level$he
annual demand chge savings declinfom budgetl to4 because the increased budget on EEMs
compresses the space of financial savings through EFMse is a steep rise laidget5, which

is due to the fact that executing EFMs for for this building with high energyiezftig will
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successfully bring the peak demand down below 200 kW, at which point no demand charge will

be applied to the building This typical step change behavior is typical for this rate structure.
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Figure 4.18 Investment and demand charge savings of combined EEM+EFM

Figure4.18 depicts the change of total investment and demand charge saMiegsharp
rise of demand charge savings budgets is caused by the specific rate structutePG&E. In
PG&E, i f the end userd6s peak demand is bel ow 2
will be transferred from the current schedulel@ to schedule A, which hasa higherenergy
charge but no demand chardée user neexto trade offbetween the increment energy cost

and reduction in demand charges after implementing the optimal investment strategy.

The NPVresultsdisplayed inFigure4.19 imply thatthe optimal investment strategg at
budget 5 whicthasthe maximum investmempayback over twenty year§he optimization result

suggests thahefinancial benefibf reduceddemand charges exceeds the rise in the energy price
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Figure 4.19 NPV results of combined EEM and EFM

4.1.4 Case3: Pacific Gas& Electricity A10 TOU

This caseemploys thePG&ESO scheduleA-10 TOU raesto calculate the cost of electricity
andto evaluate thdest measurandinvestment strategsto reduce demand charg&ifferent
from the flat daily rate structure in casetBe schedule A0 TOU adops a TOU rate structure.
Table2.1 andTable4.3 details howtimes of the day are defined and how much is the hourly rate
during a day.This rate schedulalso includes theDPrate which is aDR pricing plan released to
complementhe TOU pricing. PDP provides lower energy prices durthg summer in exchange
for higher ratesluringcertain hours onineto fifteenpeak eventlaysperyear.These event days
can be triggered bforecasted high temperatures, high market prioe€alifornia Independent
System Operator emergenci@n these days, the costtbé electricitywill increase during peak
demandhours from 12 pm. to 4p.m. In a PDP event day, the customer will be charged $0.9 per
kWh from 12p.m.to 4 p.m.In contrast, they will receive a credit of $3.26 per kW reduction on

peak demand in the month that contains the PDP event.
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Table 4.11 Number of days meets the criteria

T>35.93 July 8
T>34.93 July7,14, August 1, 2, 18
T>33.93 June6, 13, July 6, 9, 13, 21

The trigger of the PDP event is the outside temperatutfee maximunforecasted outside
temperaturef tomorrowis above 38 , theutility company will dispatchiPDP event callsThe
total numberof days thatPDP evenbccuss should be betweenine to fifteen. Building energy
simulationsoftwareusethetypical meteorological yegiMY) weather data, which is not the real
weather buta coledion of weather data from a data bank3idryear durationthat couldwell
repreent the range of weather phenomena for the locati@m.our analysis, théfteen hottest
daysare choseffrom the TMY weather fileand used athe PDP event day$able4.11 lists the

selectioncriteria andhe dats of daysthat meet the criteria

The first step is to calculate the monthly electricity bill. Takimg summer month August
as an examplehe first part is to decidéhe peak demand in the current month. The customer will
be billed fordemad according to the cwhghequaetthéhighesta x i mu n
15-minute average in the montAccording toTable4.6, the billing demand in August is 257.87
kW. Appendix C lists the rate structuresashedule A10 TOU rateTable4.12 details the steps to
calculate the monthly electricity bill in Augusthe total amount tde paidby the buildingin
Augustis $4,48672. It is worth mentioning that the rate structure in case 2 and 3 bothtappl
PG&Ebs customers with peak demand greater tha
can choosevhich rate, TOU or nofTOU, they want to enroll inTOU rate encouragepeople to
improve energy flexibility bychaging a higher rate during peak hours aamduch lower rate
during offpeak hourcompared tdhe flat rate Buildings with high energy flexibilites should

choose TOU rate structute enable them to save @mergy bills bythe properoperation By
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comparing the monthly electricity charge in case 2 and 3indeoutthat for the reference office
building, before applying any EFM or EEM, choosing the -i@l rate has a relative low

electricity cost.

Table 4.12 Calculation of the monthly electricity bill

Customer Charge 3ldays @ $4.60 $142.59
Demand Charges 257.87 kW @ $16.78 $4,327.06
Subtotal $4,469.65
OnPeak 30,314.67 kWh @ $0.22 $6,660.74

PartiatPeak 26,814.37 kWh @ $0.16 $4,413.38

Off-Peak 17,390.51 kWh @ $0.14 $2,374.15

PDP Events  2,999.60 kWh @ $0.90 $2,699.65

Total Energy Charges 77,519.15 kWh $16,147.92
Transmission Rate Adjustmen 77,519.15 kWh @ $0.00472 $365.89
Public Purpose Programs 77,519.15 kWh @ $0.01416  $1,097.67
Nuclear Decommissioning 77,519.15 kWh @ $0.00149 $115.50
Competition Transition Charge 77,519.15 kWh @ $0.00100 $77.52
DWR Bond 77,519.15 kWh @ $0.00549 $425.58
New System Generation Char¢ 77,519.15 kWh @ $0.00238 $184.50
Subtotal $22,884.23
Sales Tax $22,884.23 @ 7% $1,601.90
Total Electric Charges $24,486.12

The next step is tdetermine the mtimal investmentn EFMs for the 5 distinct budgets.
Figure4.20 shows demashcharge savings and investmeoitsmplementing the optimal EFMat
each budget leveBoth cost and savingurves go upward. Among fiieudges, budget2 turns

out to have the highest efficiency of investm&htn only looking at demand charggvings
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Figure 4.20 Investment and demand charge savings of EEMs
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Figure 4.21 Investment and demand charge savings of EFMs

Figure 4.21 details demand charge savings and investments of implementing the optimal
EFMs at each EEM budget level. The investment and demand charge saving curves remain the

same for each budget, excepgharprise at budget 5. This is because implementing EFMs with
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EMMs at budget 5 can successfully bring the peak demand down below 200 kW, at which point

no demand charge will be applied.
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Figure 4.22 Investment and demand charge savings of combined EEM+EFM
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Figure 4.23 NPV results of combined EEM and EFM

Figure4.22 depicts the change of total investment and demand charge savingsg all

thefive budges, budgets gainsthe highestlemand charge savings. The NRgultsdisplayed in
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Figure4.23 imply that the optimal investment strategtybudget has the maximum investment
payback over twenty yearSase 2 and 3 adBfferent optionf the sameelectricityrate structure
that cusomerscan choose fromin both cases, the optimization result sugg#sés the peak
demandcan reducéelow 200 kW, which indicates thtte financial benefitof reduced demand
charges exceeds the rise in the energy pBgecomparing the result afase2 and 3, we could
conclude thator the reference office buildinghenonTOU rate has a higher NPV in twentgars
compaedto the TOU rate, which indicates that the energy flexibility level inbilikding is not

high enough to earn benefit in the TOU rate.

4.1.5 Case4: Southern California EdisomOU-GS3 Option A

This case adopts tHgouthern California Edis@nscheduleTOU-GS-3 option A ratesto
calculate the cost of electricity atmlevaluate théest measres andnvestment strategy to reduce
demand charge§ he case bui |l di 853.87&W. if ¢ha &nd usesucaesstully i s
attemptsto reduce the peak demand below 200, kidéy could switch to schedul€®OU-GS-2
option A which hasa higherenergy rée, buta lowerdemand chargelherefore, if the results
show that demand charges contribute a lot in the electricity bill, the end userrslaéeld serious

to bring the peak demand below 200 kW.

The first step is to calculate the monthly electricity bill. Taking summer month August
as an examplehe first part is to decidéhe peak demand in the current month. The customer will
be billed fordemad according to the cwhshequastdthéhsghesta x i mun
15-minute average in the montAccording toTable4.6, the billing demand in August is 257.87

kW. AppendixF and Hlists the rate structa of TOU-GS-3 option AandTOU-GS-2 option A
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Table4.13 details the steps to calculate the monthly electricity bill in August.total amount to

be paidby the buiding in Augustis $24,48672.

Table 4.13 Calculation of the monthly electricity bill

Customer Charge 1 month @ $466.13 $466.13
Demand Charges 257.87 kW @ $17.81 $4,592.66
Subtotal $5,058.79
OnPeak 30,314.67 kWh @ $0.32 $9,589.74

PartiatPeak 26,814.37 kWh @ $0.11 $2,949.31

Off-Peak 17,390.51 kWh @ $0.06 $1,033.69

Total Energy Charges 77,519.15 kWh $13,572.75
Subtotal $18,631.54
Sales Tax $18,631.54 @ 7% $1,304.21
Total Electric Charges $19,935.74

The next step is tdetermine the gtimal investmenin EFMsfor the five distinct budgets.
Figure 4.24, Figure 4.25 and Figure 4.26 show demand charge savings and investaarit
implementing the optima&tEMs, EFMs andcombined measure¥he resultfrom theseanalyses
reveals that the optimal investment stratémybudget 5achtievesthe maximum NPV in twenty

years.
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Figure 4.24 Investment and demand charge savings of EEMs
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Figure 4.25 Investment and demand charge savings of EFMs
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Figure 4.26 Investment and demand charge savings of combined EEM+EFM
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Figure 4.27 NPV results of combined EEM and EFM

The NPV resultsdisplayedFigure4.27 imply thatthe combined EEM+EFM investment at
budget 5has the maximum investmepayback over twenty year$he optimal EEM and EFM

package brings the peak demand down below 2004iWoughTOU-GS-2 option A has a higher
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energy rate, theesult of the optimization analysis suggests thafiinancial benefitof reduced

demand charges exceeds the rise in the energy price

4.1.6 Case 5:Southern California Edison TOGS3 Option B

This case adoptheS out her n Cal ischedulehQOUaGSE aptios B ratés®
calculate the cost of electricity atmlevaluate théest measures and/estment strategy to reduce
demand charge§ he case bui |l di 853.87&W. if ¢ha &nd usesucaesstullyi s
attemptsto reduce the peak demand below 200, kidéy could switch to schedule TOES2

optionB, which has a higher energy rate, but a lower demand charge.

The first step is to calculate the monthly electricity bilhe customer will be de&d for
facility-related demandand time-related demand, which includes on-peak and partiatpeak
demandTable4.13 details the steps to calculate the monthly eletyrlall in August. The total

amount tdbe paidby the buildingn Augustis $18,294.47.

Table 4.14 Calculation of the monthly electricity bill

Customer Charge 1 month @ $466.13 $466.13
Facility 257.87 kW @ $17.81 $4,592.66

On-Peak 25787 kW @ $17.42 $4,592.66

PartiatPeak 239.09 kW @ $3.43 $820.08

Total Demand Charges $10,005.40
Subtotal $10,471.53
OnPeak 30,314.67 kWh @ $0.12 $3,497.40

PartiatPeak 26,814.37 kWh @ $0.08 $2,095.01

Off-Peak 17,390.51 kWh @ $0.06 $1,033.69

Total Energy Charges 77,519.15 kWh $6,626.10
Subtotal $17,097.63
Sales Tax $17,097.63 @ 7% $1,196.83
Total Electric Charges $18,294.47
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It is worth mentioning thatase 4 an& both appft o SCEOGs customer s
greater than 200 kW but less than 500 kW. The custearechoosavhich option they want to
enroll in.SCE TOUGS-3 option A has a higher energy rate, but a lower demand charge. Buildings
with high energy cosumption and eelativdy low peak demand should choose optibto save
on energy billsBy comparing the monthly electricity charge in case 4 and 5, we could draw the
conclusion that foour reference office building, before applying any EFM or EEM,asing the

TOU-GS-3 option B with timerelated demand and DR incentive taslower electricity bill.

The next steps to determine the mtimal investmentn EFMs for the 5 distinctbudgets
Figure 4.28, Figure 4.29 and Figure 4.30 show demand charge savings and investraeit
implementing the optimé&EMs,EFMs and combined measure$he result from these analyses
reveals that the optimal investment stratégybudget5 achievesthe maximum NPV in twenty

years.
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Figure 4.28 Investment and demand charge savings &EMs
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Figure 4.29 Investment and demand charge savings of EFMs
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Figure 4.30 Investment and demand charge savings of combined EEM+EFM
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Figure 4.31 NPV results of combined EEM and EFM

The NPV results displayed Figure 4.27Figure 4.31 imply that the optimal investment
strategyat budget has the maximum investmgmdyback @er twenty yearsCase 4 and 5 are
different options othe same electricityatethat customersan choose fromin both cases, the
optimization result suggestisatthe peak demanchn reducéelow 200 kW, which indicates that
thefinancial benefibf reduced demand charges exceeds the rise in the energyprammparing
the result of case 4 and 5, wen concludéhat for the reference office building, option B of TOU
GS3 and TOUGS2 has a lower monthly utility bill and a higher NPV in twentyrgemmpared

to option A.
4.2 ReferenceHospital Building

The referencénospital building is located in Atlanta, GA. The total area of thestory
building is 3000 rA The setpoint temperature of the building is121 for heatingand 22.2 for
cooling. The pimary energy source for heating and domestic hot water is natural gas, and the

primary energy source for cooling is electricity. The maximum cooling capacity of the chiller is
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320kW. Table4.15lists thesimulatednonthly peak demand and consumption. The summer peak

load is302kW occurring in AugustFigure4.32 illustrates the categorical distribution of annual

energy in thehospital building. Cooling andapplianceare the top two energgonsumers

respectively.

Table 4.15 Monthly peak demand and energy consumption

Peak Demani Monthly Total Power

(KWh)

(kw)
Jan 227
Feb 255
Mar 273
Apr 277
May 286
Jun 284
Jul 302
Aug 304
Sep 298
Oct 279
Nov 242
Dec 230

Appliance

Hospital Building Electricity Distribution

Fan Power

75034
76419
103217
106130
120521
121452
126726
132146
114249
102153
89424
79429

Cooling

Lighting

Figure 4.32 Categorical distribution of electricity usage in the hospital building
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Healthcare buildings generally have high energy denRadddcet al. 2006 anf¥anhoudta
2011) Hospitak have a large fluctuation in thbourly and dailyloads mostly due to thdeavy
plug loadfrom medical devices and heavy duty building systelinthe facility manager could
make the load in hospital buildings more flexillge effects on thenonthly bill areexpected to

be larger than in the office building case.

Hospitals are generally large facilities offering arodinelclock operation and significant
load shedding potential, which makes them good candidates for DR programs. On hot summer
afternoons, hostal cooling loads and lighting systems will be operating at full capacity and will
coincide with utility peaksAs a result, a hospital will typically be able to red@eto 15 percent

of loadsby shiftingnoncritical loads, such dise cafeteriaand lourge lighting to off-peak hours

4.2.1 Sensitivity Analysis

A first order SA is conductet identify the factor that has the most significant impact on

peak demand and total energy consumption of the builditigs subsectionThe dependency of

the peak demahon the chosen variables can best be shown through the resulting distribution of
outcomes as function of the possible variation of input variablegble 4.16 lists the building
parameterswhich are assumed to have a value randomly selected from a uniform distribution
between a min and max value as given in the tdblenergy efficiencyand renwable energy
interventions, optimaparaneters remainthe same as in theffice building caseHowever, n
energy flexibility intervention,a new optimizationvariable, bad shifting through schedule

adjustmentis added to theptimization pool.
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Table 4.16 List of optimal variables

- Value
Building Paraneters . Cost
Min Max
Infiltration Rate(n¥/h/nY) 0.2 0.8 $4-$10/m
Wall InsulationThickness (mm)] 0 100 $10-$17/n?
Energy Efficiency | Emissivity of Roof 0.4 0.9 $10$22/nt
Intervention Solar Reduction Factor 0.8 1 $45$65/eactwindow
Window SHGC 025 | 08 $450$650/each
window
Temperaturéontrol 0 2.5 Productivity lost
Energy Flexibility Lighting Dimmer 0 30 $300eachdimmer
Intervention Voltage Throttling 0 1 Productivity lost
Schedule Adjustment 0 1 $0
Renewable Energy | Area ofthe PV System (m) 0 200 $520 per A

There are two types ddadsin a typical hospital, critical load and administrative |0&lde
critical load includes patient, emergen@nd operating roord s | Theaathinistrativeload
includes cafeteria, office, physical therapy, nurse station Laesti shifting by changing thelaily
operationapolicy and time of high poweronsuming equipment canitbuilding loads to times
when electricity prices are lower and to rediaads. For simplicity, we introdudée schedule
adjustmenss a binary parametar our analysisThe building operatodetermines whether or not
to implementthis measureln chasen hospital buildingthe load shifting is realized by
implementing &0% of administrativeappliancdoad shifting from 12 p.m. to 6 p.m. topdm. to
9 p.m.Figure4.33 shows the appliance schedule before and after the adjusirhentost of load
shifting is related téheorganizationathange that needs to be implemented. These costs could be
determinedhrough @& organizational cost analysis, related to staffing parameters and schedules,
longer opening hours of certaioutpatient departments, etcThis thesis onlylooks at the
economic savingotentialof load shifting inhospitalbuildings. Thereforet is assumed thahere

is no cost of the load shifting in the optimization process.
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Figure 4.33 Appliance schedule before and after the loadhift adjustment

In the first step, the SA of the billing demand of the building is condu€igdre4.34 shows
the distribution of the peak demandths resultof varying theEEM/ERV parameterdased on
the choice of measureshich illustrates that the billing demand cat reduceto 200 kW with

the proposed measures

Figure 4.35 and Figure 4.36 rank the significanceof each parameter in thesulting peak
load distribution based on the change in output mean and regression coefficieattonado
diagram, the top four bars represent varialthed contribute the most to the variability of the
outcomeand theefore on what the building ownghould focusThe top four factors that have the
most significant impact on the billing demand are fotmdbe: the SHGC of the windovhe
schedule adjustmerthe solar reduction factoandthe temperature contrdbchedule adjustment
ranksamongthe most influential paramegbecause it shifts major electricity load from noon

hours to evening hours. Gthe fact thapeak demand usually occurs during hot summer noon
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hours, shifting the load to partipeak or offpeak hours can have the highest impact on peak

demand reduction.
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Figure 4.34 Distribution of the peak demand
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Figure 4.35 SA ranking based on the change in output mean
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Peak Demand
Regression Coefficients

Schedule Adjustment {1 B3
Window SHGC 0.53
Solar Reduction Factor 0.26
Temperature Control 0.17
Wall Insulation Thickness 1 @RISK Couersion
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Figure 4.36 SA ranking based on regression coefficient

The second step of tHgA is carried out on the coincident peak demand of the building
Figure 4.37 illustrates the distributiof the coincident peak demand the result of varying
EEM/EFM parametersvhich implies that the coincident peak demand in the building can be
reduced to 140 kW with the proposed optimization facteigure4.38 andFigure4.39 rank the
significanceof each parameter in the resultingincidentpeak load distributiorbased on the
change in the output mean aheéregression coefficienfThe topthreefactors that have the most
significant impact on the coincident peak demamd the schedule adjustmentemperature
control, andhe window SHGCSchedule adjustment ranéshongthe most influential parameter
becauset shifts major electricity load from peak hours to paffiebk or offpeak hours, which
significantly reduce the coincident peak demdark temperature control ranks asskeondnost
significant factorincrease the temperature control actually causedden risan the peak demand.
This is due to the fact thteroom temperature keeps rising above the regukstabintafter the

adjustment, which calls the chillerécome back oymost likely operang atits maximum capacity.
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To avoid thisthe voltage throttlingmethodsare introduced té@manipulaté the capacity of the
chiller, in whichcasethe chiller will act temporarily as a smaller systéran its actual capacity

thus reducing the peadéadover the full period.
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Figure 4.37 Distribution of the coincident peak demand

Coincident Peak Demand
Inputs Ranked By Effect on Output Mean

Lighting Dimmer ‘
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Figure 4.38 SA ranking based on the change in output mean
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Figure 4.39 SA ranking based on regression coefficient

The last step of the SA is implemented on the total energy consungbtibe building.

Figure 4.40 shows the distribution ahe total energy consumptiasthe result of varying the

EEM/EFM parameterd-igure4.41andFigure4.42rank the role of each parameter in the resulting

total energy consumptiodistribution based on the change in output mean amgression

coefficient. The top three factors that have the most significant impact on the totglyener

consumptionare window SHGC,solar reduction factor anéV area Scheduleadjustmentthat

ranks themost significant factor in the SA study of peak demand and coincident peak demand does

not show a significant impact on the total energy consumpliais is because temporarigdjust

the operational scheduis merely a load shifting strategy thées not impact the total energy

consumption.
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Figure 4.40 Distribution of the total energy consumption

Annual Total Energy Consumption
Inputs Ranked By Effect on Output Mean

Solar Reduction Factor
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Temperature Control Gewgia;ichua,@dogzy
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Figure 4.41 SA ranking based on the change in output mean
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Annual Total Energy Consumption
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Figure 4.42 SA ranking based on regression coefficient

4.2.2 Case 1: Georgia Power PLiI1

This case adopttheGP6 schedule PLMLL1 to calculate the cost of electricity aoeévaluate
theoptimal combination of EFM® reduce demand charg@e case buildinfs peak de man
304 kw, which is difficult to reduce below 30 kW. Therefore, for the case buildignand

chargesrelinearly correlated to the peak demand value in each mowtér the PLML1.

The first step is to calculate the monthly electricity cost. Taking the summer month August
as an example, the first part is to deternthreepeak demanith the current monthAccording to
Table4.15, the peak power in the current montl8&4 kW. According to PLM11, this value is
higher than the 95% of the highest peaknand in summer months and 60% peak power in winter
months, the billing demand power in AugusB& kW. The second part is to calculate the HUD

in August.

(5% poCcpEEONMET7 10U

104



The HUD in August is higher tha&®0 hours but less th&00hours. According to Appendix
A, the electricity price is $0aB606 per kWh. Table 4.17 illustrates the steps to calculate the
monthly electricity bill in AugustThetotal amount tde paidby the building is $58948. The
result reveals that the total energy charge is only 10% of the total bill, while the demand charge is

almost30% of the total bill.

The next step is tdetermine the gtimal investmenin EFMsunder the five distinct EEM
budgets, the results are showrFigure4.43. The red cure represents the investmerand the
green curve corresponds to annual dendraige savings. Both curves go upward, landget2
turns out to have the highest efficiency of investm&hen only looking at demand charge

reduction.

Table 4.17 Calculation of the monthly electricity bill

Customge C 1 montt @ $19.00 $19.0C
De man dg eCsh a 304 kW @ $8.24 $2,504.9¢
Energge€ha 132146 kWt @ $0.008 $1,510.4
Subtot al $4,034.3¢
ECCR r = $4,034.3¢ @ 0.100131 $403.97
NCCRhrges $4,034.3¢ @ 0.075821 $305.8¢
FCR Gk a 132146 kWt @ $0.03 $3,964.3!
Subtot al $8,708.6:
MFF Charge $8,708.6: @ 0.029109 $253.5(
Subtot al $8,962.1:
Sal es Tax $8,962.1. @ 7% $627.3¢
Tot al El ec $9,589.4¢

105



$250,000 $6,000

$200,000 $5,000
$4,000

$150,000
$3,000

$100,000
$2,000
$50,000 $1,000

$0 $0

=@ |nvestment ==@=Annual Demand Charge Savings

Figure 4.43 Investment and demand charge savings of EEMs

Figure 4.44 shows demand charge savings andestmentsof implementing the optimal
EFMsat each EEM budget levelhe red curve represents theestmentswhich are the highest
for budget 3. At budgets 2, 4 and 5 the chosen EFM set is very similar and has the same
investmentswhich are lower than those foudget 3. The green curve corresponds to demand
charge savings, which shows a downward trend toadgetl to 5, except a slight increment for
budget 3Thedeclinng trend of demand charge saving curve is caused by the fatttepaitential
of demand chrge savings by EFMs is impacted by the energy efficiehttye building. As more
budget is allocated to enhance energy efficiency features, the space for demand charge reduction
through improving energy flexibility in buildings is compressédure 4.45 illustrates the total
investment and demand charge savings for each budgetTaealesult reveals thaudget2 has
the maximum efficiency of investmeirt interventionswhen only looking at demand charge

savings.
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Figure 4.44 Investment and demand charge savings of EFMs
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Figure 4.45 Investment and demand chargesavings of combined EEM+EFM
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Figure 4.46 NPV results of combined EEM and EFM

The NPVresultsdisplayed inFigure4.46imply that the optimal investmefdr budge® has
the maximum investmempiayback over twenty yearcrease the investmemt EEMs and EFMs

may lead to a decrease in the total NPV.
4.2.3 Case 2: Pacific Gas & Electricity-AO NonTOU

This case adopts thE G & E $clseduleA-10 norTOU ratesto calculate the cost of

electricity ando evaluate théest measure andvestment strategy to reduce demand charges.

The first step is to calculate the monthly electricity bill. Taking summer month August
as an eample,the first part is to decidéhe peak demand in the current month. The customer will
be billed fordemad according to the cust ome théhlsghesta xi mun
15-minute average in the mon#ccording toTable4.6, the billing demand in August 8)4kW.
Appendix B lists the rate structure of schedul@®norTOU rate.Table4.18 details the steps to
calculate the monthly electricity bill in Augusthe total amount tde paidby the buildingin
Augustis $29,540.67 The result reveals that the demand char@89s of the total bill.
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Table 4.18 Calculation of the monthly electricity bill

Customer Chae 3ldays @ $4.60 $142.59
Demand Chayes 304 kW @ $16.78 $5,101.12
Energy Cheges 132146 kWh @ $0.14 $18,500.44
Transmission RatAdjustments 132146 kWh @ $0.00 $623.73
Public Purpose Programs 132146 kWh @ $0.01 $1,871.19
Nuclear Decommissioning 132146 kWh @ $0.00 $196.90
Competition Transition Charges 132146 kWh @ $0.00 $132.15
DWR Bond 132146 kWh @ $0.01 $725.48
New System Generation Charg 132146 kWh @ $0.00 $314.51
Subtotal $27,608.10
Sales Tax $27,608.10 @ 7% $1,932.57

$29,540.67

Total Electric Charges

The next step is tdetermine the gtimal investmentn EFMs underfive different EEM
budget levelsFigure 4.47 displays demand charge savings ameestmentsof implementing
optimal EEMsat each budget levelhered curverepresents thmmvestmentsand tegreen line
corresponds to demand charge savilBggh curves go upwardmong fivebudget levelslevel

2 turns out to have the highest efficiency of investmérgn onlyconsideringdemand charges.
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Figure 4.47 Investment and demand charge savings of EEMs
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Figure 4.48 Investment and demand charge savings of EFMs

Figure 4.48 shows demand charge savings and investsmanimplementing the optimal
EFMs.Investmens are identicaht each EEM budget levelhe curve of annual demand charge
savings declineBom budge 1 to5, because the increased budget on EEMs compresses the space
of financial savings through EFMB theoffice building case 2there is a steep rise latdgets,
becausexecuting EFMst the high EEM budget leveliccessfully bringthe peak demangiown
below 200 kW, at which point no demand charge will be applied to the buildowever,the
hospitalbuilding has a higher peak demand, the proposed EEMs and EFMs cannot reduce the peak

demand below 200 kWéven at the maximum budgétherefore,budgetl has the maximum

demand savingsom EFM investment.

110



$400,000 $14,000

$350,000 $12,000
$300,000 $10,000
$8,000
$250,000
$6,000
$200,000 $4.000
$150,000 $2,000
$100,000 $0
1 2 3 4 5

=@ |nvestment ==@=Annual Demand Charge Savings

Figure 4.49 Investment and demand charge savings of combined EEM+EFM

Figure4.49 depicts the change of total investment and demand charge s&8atigsurves
go upward Budget?2 turns out to have the highest efficiency of investniendemand charge

reduction

The NPVresultdisplayed irFigure4.50imply thatthe optimal investment strategybudget
5 has the maximum investmepayback over twenty yearélthough the peak demand cannot
reduce below 200 kW fothis hospital building,the optimization resulstill suggeststhat
maximizing thanvestmenin EEMs and EFMs achieves the highest NPV. It should obviously be
kept in mind that the cost functionthie schedule change has been set to zero, which benefits (and

inflates) the NPV.
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Figure 4.50 NPV results of combined EEM and EFM

4.2.4 Case 3: Pacific Gas & Electricity-A0 TOU

This caseemploys theP G & Esthselule A-10 TOU ratedo calculate the cost of electricity
andto evaluate thdest measure arndvestment strategsto reduce demand charg&ifferent
from the flat daily rate structure in case 2, the schedul® AOU adopts a TOU rate structure.
Table2.1 andTable4.3 details how times of the day are defined and how much is the hourly rate
during a day. This rate schedule also includes the PDRAna&dDP event day, the customer will
be charged $0.9 p&kVh from 12p.m.to 4 p.m.In contrast, they will receive a credit of $3.26 per
kW reduction on peak demand in the month that contains the PDP®eetmn 4.1 has introduced
how to decide the PDP event day. This case adopts the same rietbied.19lists the selection

criteriaand the date of days that meet the citeri

112



Table 4.19 Number of days meets the criteria

T>35.93

July 8

T>34.93

July7,14, August 1, 2, 18

T>33.93

June6, 13, July 6, 9, 13, 21

Table 4.20 Calculation of the monthly electricity bill

Customer Charge 3ldays @ $4.60 $142.59
Demand Charges 304kW @ $16.78 $5,101.12
Subtotal $5,243.71
On-Peak 34855.51 kWh @ $0.22 $7,658.45

PartiatPeak 34658.66 kWh @ $0.16 $5,704.47

Off-Peak 59415.99 kWh @ $0.14 $8,111.47

PDP Events 3440.84 kWh @ $0.90 $3,096.76

Total Energy Charges 132146 kWh $24,571.15
Transmission Rate Adjustmen 132146 kWh @ $0.00472 $623.73
Public Purpose Programs 132146 kWh @ $0.01416 $1,871.19
Nuclear Decommissioning 132146 kWh @ $0.00149 $196.90
Competition Transition Charge 132146 kWh @ $0.00100 $132.15
DWR Bond 132146 kWh @ $0.00549 $725.48
New System Generation Char 132146 kWh @ $0.00238 $314.51
Subtotal $33,678.81
Sales Tax $33,678.81 @ 7% $2,357.52
Total Electric Charges $36,036.32

The first step is to calculate the monthly electricity bill. Takimg summer month August

as an examplehe first part is to decidéhe peak demand in the current month. The customer will

be billed fordemad accor di

15-minute average in the montAccording toTable4.15, the billing demand in August is 304
kW. Table 4.20 details the steps to calculate the monthly electricity bill in Auglisé total

amount tobe paidby the buildingin August is$36,036.321t is worth mentioning that the rate

structureincase2nd 3 Dbot h

but less than 499 kW. The customer can choose which rate, TOU-0IQ1dnthey want to enroll

in. TOU rate enouragegeople to improve energy flexibility bghaging a higher rate during

ng to t

apply
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peak hours and a much lower rate duringpefék hours compared to the flat rate. Buildings with
high energy flexibilities should choose TOU rate structure to save on energy bills. By comparing
the monthly electricity charge in casa2d 3, we find out that for the reference hospital building,

before applying any EFM or EEM, choosing the {1ddU rate has a relative low electricity cost.

Figure4.51 shows demand charge savings ameestmentsat given EEM budget levels
Both cost and saving curves go upward. Among five budgels, budget? turns out to have the

highestinvestmentgfficiencyconsidering onlydemand chargsavings.
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Figure 4.51 Investment and demand charge savings of EEMs

Figure 4.52 details demand charge savings amgestmentsof implementing the optimal
EFMs at each budget level. The investment curve remains the same in thedges. The
demand charge saving fromplementing EFMslowly declinein five budges, as a result of the

increased use of EEMs limiting the saving potential of EFMs.
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Figure 4.52 Investment and demand charge savings of EFMs
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Figure 4.53 Investment and demand charge savings of combined EEM+EFM
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Figure 4.54 NPV results of combined EEM and EFM

Figure4.53 illustrates the total investment and demand charge saairegech EEM budget
level. At budget leveb we find thehighestdemand charge savings. The NPV results displayed in
Figure4.54 imply that the optimal investment strateglybudgeb has the maximum investment
payback over twenty year€ase 2 and 3 atifferent optionf the samelectricityrateschedule
that customersan choose fronBefore implementing any EEM or EFM, the Rd®U rate has a
lower annual energy rate. But after implementing the optimal strategy suggebigifeb, the

TOU rate can save more and has a higher NPV in twezass.
4.2.5 Case 4: Southern California Edison TGRE3 Option A

This case adoptstiteout her n Cal ischedulehQOUaGS E apiios Aratésto
calculate the cost of electricity atmlevaluate théest measures am/estment strategy to reduce

demandcharges

The first step is to calculate the monthly electricity bill. Takimg summer month August

as an examplehe first part is to decidéhe peak demand in the current month. The customer will
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be billed fordemad accor di ng t o utnlkemand, whkithequastostsghesta x i m
15-minute average in the montAccording toTable4.15, the billing demand in August 204
kW. Table 4.21 details the steps to calculate the monthly electricity bill in Auglisé total

amount tdbe paidby the buildingn Augustis $27,298.51

Table 4.21 Calculation of the monthly electricity bill

Customer Charge 1 month @ $466.13 $466.13
Demand Charges 304kW @ $17.81 $5,414.24
Subtotal $5,880.37
On-Peak 38296.4 kWh @ $0.32 $12,254.85

PartialPeak 34658.6&kWh @ $0.11 $3,812.45

Off-Peak 59415.99 kWh @ $0.06 $3,564.96

Total Energy Charges 132146 kWh $19,632.26
Subtotal $25,512.63
Sales Tax $25,512.63 @ 7% $1,785.88
Total Electric Charges $27,298.51

Figure4.55, Figure4.56 andFigure4.57 showdemand charge savings aingestmentf
implementing the optim&EMs,EFMsandboth measures together at the five distinct investment
levels TheNPV resultdisplayed inFigure4.58 suggests that the optimal investment strategy
budget5 has the maximum ingement payback over twenty yearswhich indicates that

maximizng the budgefor EEM and EFM packageill earn the highest financial payback.
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Figure 4.55 Investment and demand charge savings of EEMs
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Figure 4.56 Investment and demandcharge savings of EFMs
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Figure 4.57 Investment and demand charge savings of combined EEM+EFM
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Figure 4.58 NPV results of combined EEM and EFM

4.2.6 Case 5:Southern California Edison TOGS3 Option B
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This case adopts tifeout her n Cal ischedulehOUsGSE aption Bratés®
calculate the cost of electricity atmlevaluate théest measures and/estment strategy to reduce

demand charges

The first step is to calculate the monthly electricity bllhe customer will be billed for
facility related demand antime-related demand, which includes opeak and partigheak
demandTable4.22 details the steps to calculate the monthly electricity bill in Augiise. total

amount tdbe paidby the buildingn Augustis $24,64142.

Table 4.22 Calculation of the monthly electricity bill

Customer Charge 1 month @ $466.13 $466.13
Facility 304 kW @ $17.81 $5,414.24

On-Peak 305 kW @ $17.42 $5,295.68

PartiatPeak 268.25kW @ $3.43 $920.10

Total Demand Charges $11,630.02
Subtotal $12,096.15
OnPeak  38296.4 kWh @ $0.12 $4,595.57

PartiatPeak  34658.66 kWh @ $0.08 $2,772.69

Off-Peak  59415.99 kWh @ $0.06 $3,564.96

Total Energy Charges 132146 kWh $10,933.22
Subtotal $23,029.37
Sales Tax $23,029.37 @ 7% $1,612.06
Total Electric Charges $24,641.42

It is worth mentioning that case 4 and 5 bothgppb S CE&s cust omers wit
greater than 200 kW but less than 500 kW. The custearechoosevhich option they want to
enroll in. By comparing the monthly electricity charge in case 4 and 5, we could draw the
conclusion that for the reference office building, before applying any EFM or EEM, choosing the

TOU-GS-3 optionB has a lower electricitgost
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Figure4.59, Figure4.60 andFigure4.61 showdemand charge savings angestmentf
implementing the optiméEEMs, EFMs, andcombinedmeasuresogetherat the 5 distinct EEM
budget levels.The result from these analyses revedlat tthe optimal investment strategy
suggestedat budget Zhas the maximum investmeetficiency when onlyconsideringdemand

charges.
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Figure 4.59 Investment and demand charge savings of EEMs
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Figure 4.60 Investment and demand charge savings of EFMs
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Figure 4.61 Investment and demand charge savings of combined EEM+EFM
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Figure 4.62 NPV results of combined EEM and EFM

NPV resultsdisplayedFigure4.27Figure4.62 imply that the optimal investment strategty
budget 5Shas the maximum investment paybamler twenty years. Case 4 and 5 alifferent
options ofthe same electricityateschedule that cusinerscan choose fromBy comparing the
result of case 4 and 5, wartconclude that for the referenhespitalbuilding, option B of TOU

GS-3 has a lower monthly utility bill and a higher NPV in twenty years coegitaroption A.
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4.3 ReferenceRetail Building

The reference retail building is located in Atlanta, GA. The total area is 3600ha
setpoint temperature of the building is32for heatingand 24 for cooling. The primary energy
source for heating and domestic hot water is natural gas, apdnhary energy source for cooling
is electricity. The maximum coolg capacity of the chiller is 83kW. Table 4.23 lists the
simulatedmonthly peak demand and congotion. The summer peak load250.93kW occurring
in August. Figure 4.63 illustrates the categorical distribution of annual energy in the hospital
building. Lighting and cooling are the top two energyonsumes respectivelyn the prototype

retail building

Table 4.23 Monthly peak demand and energy consumption

Peak Demani Monthly Total Power

(KW) (KWh)
Jan 127.70 31,860.76
Feb 169.07 33,495.85
Mar 196.83 49,209.65
Apr 202.10 58,217.18
May 216.29 69,236.53
Jun 232.84 73,851.63
Jul 248.09 79,787.43
Aug 250.93 82,579.17
Sep 240.58 66,576.35
Oct 203.72 51,118.79
Nov 156.88 38,808.48
Dec 137.82 31,317.40
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Figure 4.63 Categorical distribution of electricity usage in the hospital building

4.3.1 Sensitivity Analysis

A first order SA is conductet identify the factorthat has the most significant impact on
peak demand and total energy consumption of the builditigs subsectionThe dependency of
the peak demand on the chosen variables can best be shown through the resulting distribution of
outcomes asa function ofthe possible variation of input variabl@sable 4.24 lists the building
parameterswhich are assumed to have a value randomly selected from a uniform distribution

between a min and max value as given in the table.

A retail building has two different types of occupancy load. One is worker load; the other is
customer load. Customer load is different from regular load in commercial buildings. It reaches
the pealduring evening and weekend and holidays. Tétailbuilding also has a large lighting
load forthe exhibitionof products. How much potential do they have by regulating load and

lighting are what we want to inspect in this study. Therefore, the optimizatitordare listed in
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Table4.24. Temperature control may impact the sale of products, that part of the cost is not counted

in the total lost.

Table 4.24 List of optimal variables

- Value
Building Paraneters . Cost
Min Max
Infiltration Rate(n¥/h/nY) 0.2 0.8 $4-$10/m
Wall InsulationThickness (mm)] 0 100 $10-$17/n?
Energy Efficiency | Emissivity of Roof 0.4 0.9 $10$22/nt
Intervention Solar Reduction Factor 0.8 1 $45$65/eactwindow
Window SHGC 025 | 0.8 $450$650/each
window
Temperaturéontrol 0 2.5 Productivity lost
Energy Flexibility | | ighting Dimmer 0 30 $300eachdimmer
Intervention
Voltage Throttling 0 1 Productivity lost
Renewable Energy | Area ofthe PV System (m) 0 200 $520 per A

In the first step, the SA of the billing demand of the building is condu€igdre4.64 shows
the distribution of the peak demandths resultof varying theEEM/EFM parameterdased on
the choice of measures, whithistrates that the billing demand can be reduced to 200 kW with
the proposed measures, i.e. there are many realizations of measures that will lead to a demand

below 200 kW.

Figure 4.65 and Figure 4.66 rank the significanceof each parameter in thesulting peak
load distribution based on the change in output mean and regresegfficient In a tonado
diagram, the top four bars represent varialibed contribute the most to the variability of the
outcomeand theefore on what the building ownshould focusThe topthreefactors that have
the most significant impact on théling demand are found to be: the SHGC of the window, the

solar reductioriactor, andthe temperature control
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Figure 4.64 Distribution of the peak demand

Peak Demand
Inputs Ranked By Effect on Output Mean

Window SHGC 186.18 223.27
Solar Reduction Factor 194.97 215.36
Temperature control 197.07 209.54

PV Area

ouise;yVersion

Wall Insulation thickness
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Figure 4.65 SA ranking based on the change in output mean
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Peak Demand
Regression Coefficients
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Solar Reduction Factor

Temperature control 0.31
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Figure 4.66 SA ranking based on regression coefficient

The second step of the SA is carried out on the coincident peak demand of the building.
Figure 4.67 illustrates the distributiorf the coincidentpeak demand athe esult of varying
EEM/EFM parameterswhich imply that the coincident peak demand in the building can be

reduced to 20 kW with the proposed optimization factors.

Figure 4.68 and Figure 4.69 rank thesignificanceof each parameter in the resulting
coincidentpeak load distribtion based on the change in the output mean thedegression
coefficient. The top three factors that have the most significant impact on the coincident peak

demandarethe temperature control, the window SHGC, andititeging dimmer
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Figure 4.67 Distribution of the coincident peak demand
Coincident Peak Demand
Inputs Ranked By Effect on Output Mean
Window SHGC
Lighting Dimmer
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Figure 4.68 SA ranking based on the change in output mean
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Coincident Peak Demand
Regression Coefficients

Window SHGC 0.54
Lighting Dimmer -0.42
Solar Reduction Factor
@R ersion
PV Area q
Georgi echnology
Wall Insulation thickness -0.06

Voltage Reduction -0.02'
Emissivity of Roof -0.01'

Infiltration rate I0_01

N <
S S

Coefficient Value

0.8
_0'6 4
0.4
0.2 1
0.4
06

Figure 4.69 SA ranking based on regression coefficient

The last step of the SA is implemented on the total energy consungbtibe building.
Figure 4.70 shows the distributio of the total energy consumptiasthe result of varying the
EEM/EFM parameterd-igure4.71andFigure4.72rank the role of each parameter in the resulting
total energy consumptiodistribution based on the change in output mean amgression
coefficient. The top three factors that have the msigmnificant impact on the total energy

consumptiorarewindow SHGC solar reduction factor and PV area.
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Figure 4.70 Distribution of the total energy consumption

Annual Total Energy Consumption
Inputs Ranked By Effect on Output Mean

Window SHGC 465,068.72 570,477.15

Solar Reduction Factor 487,298.65 546,921.20
PV Area 493,463.47 547,391.39

Lighting Dimmer .00

) rsion
Infiltration rate d 52 ,543.|36
echnology

Temperature control 503,695.31 524,346.66
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Figure 4.71 SA ranking based on the change in output mean
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Figure 4.72 SA ranking based on regression coefficient
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4.3.2 Case 1: Georgia Power PLilI1

This case adopts tl&P6 schedule PLMLL1 to calculate the cost of electricity aoeévaluate

theoptimal combination of EFM® reduce demand charg@&se case building s

0.8 1

1.0 -

peak

de man

250.93 kW, which is difficultto reduce below 30 kW. Therefore, for the case building, demand

chargesarelinearly correlated to the peak demand value in each motér the PLML1.

The first step is to calculate the monthly electricity cost. Taking the summer month August

as an example, the first part is to deterntlreepeak demanith the curr@t month.Accordingto

Table4.23, the peak power in the current month i9.23 kW. According to PLM11, this value

is higher than the 95% of the highest peak demarslimmer months and 60% peak power in

winter months, the billing demand power in August i8.283kW. The second part is to calculate

the HUD in August.

(5% Ygu¥dHBEuvdocE7

oOC W
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The HUD in August is higher than 200 hours but less than 400 hours. According to Appendix
A, the electricity price is $0.011437 per kWhable 4.25 illustrates the sf&s to calculate the

monthly electricity bill in August.

Table 4.25 Calculation of the monthly electricity bill

Customge C 1 montt @ $19.00 $19.0C
De ma n dg eCsh a 250.93 kW @ $8.24 $2,124.8!
Ener grge€ha 82,579kWt @ $0.01 $886.0¢
Subtot al $3,029.8¢
ECCR r €= $3,029.8¢ @ 0.100131 $303.3¢
NCCRhrges $3,029.8¢ @ 0.075821 $229.7:
FCR rGka 82,579kWt @ $0.03 $2,690.4.
Subtot al $6,253.4.
MFEharges $6,253.4: @ 0.029109 $182.0:
Subtot al $6,435.4¢
Sal es Tax $6,435.4t @ 7% $450.4¢
Tot al El ec $6,885.9:

The optimal combination of BMs is determined by maximizing the NPV owwe20year
period.Figure4.73 displays demand charge savings and costs of investmmeBEMsat the five
budget levelsThe red curve represents theestment@nd the green curve corresponds to annual
demand charge savings. Both curves go upvgudget2 turns out to have the tigst efficiency

of investment when only looking at demand charge reduction.
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Figure 4.73 Investment and demand charge savings of EEMs

Figure 4.74 shows demand charge savings andestmentsof implementing the optimal
EFMsat eachEEM budget levelBudget5 turns out to have the highes¢mand charge savings

with thesameamount of investmenh EEMs
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Figure 4.74 Investment and demand charge savings of EFMs
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Figure4.75 showsthe totalinvestmentsanddemand charge savings each EEM budget
level The result reveals thatidget2 has the maximum efficiency of investmantiemand charge

savings.
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Figure 4.75 Investment and demand charge savings of combined EEM+EFM
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Figure 4.76 NPV results of combined EEM and EFM
The NPV results ofFigure4.76imply that the optimal investment strateggcurs for budget
level 2, as ihas the maximum investmepdyback over twenty yearcreasing the investment
budget on EEMs and EFMs dorotnecessaly lead toa higher NPVin this rate structure

4.3.3 Case 2: Pacific Gas & Electricity-AONonTOU
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This case adopts the G & E $cseduleA-10 norTOU ratesto calculate the cost of
electricity andto evaluate théest measure andvestment strategy to reduce demand charges.
The case buil di n@aw. Ifghe enldl useswcessiulljattemptdo 2eBuce the
peak demand below 200 kWhey could switch to schedule Afor small general service, which

has the same energgte as Al0, but no demand charge.

The first step is to calculate the monthly electricity bill. Taking summer month August
as an examplehe first part is to decidéhe peak demand in the current month. The customer will
be billed fordemadaccord ng t o t he customer 6 s mdhehigmstm de ma
15-minute average in the mont#ccording toTable4.23, the billing demand in August £50.93
kW. Appendix B lists the rate structure of schedutl@AnonrTOU rate.Table 4.26 details the

steps to calculate the monthly electricity bill in August.

Table 4.26 Calculation of the monthly electricity bill

Customer Chaye 3ldays @ $4.60 $142.59
Demand Chages 25093 kW @ $16.78 $5,101.12
Energy Cheges 82,579kWh @ $0.14 $11,561.06
Transmission RatAdjustments 82,579%kWh @ $0.00 $389.77
Public Purpose Programs 82,579kWwh @ $0.01 $1,169.32
Nuclear Decommissioning 82,579kWh @ $0.00 $123.04
Competition Transition Charges 82,579%kWh @ $0.00 $82.58
DWR Bond 82,579kWh @ $0.01 $453.36
New System Generation Charg 82,579%kWh @ $0.00 $196.54
Subtotal $19,219.38
Sales Tax $19,219.38 @ 7% $1,345.36
Total Electric Charges $20,564.74

Figure 4.77 displays demand charge savings amdestmentsof implementing optimal

EEMsat each EEM budget levelhere is asharp rise abudget 4becausexecuting EEMs can
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successfully reduce the ped&mand below 200 kW, at which point no demand charge will be

applied to the building.
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Figure 4.77 Investment and demand charge savings of EEMs
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Figure 4.78 Investment and demand charge savings of EFMs

Figure 4.78 shows demand charge savings amestmentsof implementing the optimal

EFMsat each EEM budget levdhvestmentsare identicaht each EEM budget levélhe curve
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of annual demand chargevsays rises atbudget 2and 3 and declines abudget 4 Because
executing EFMs can successfullgducethe peak demand below 200 k&Y budget 2and 3.
However, irbudget 4and 5, the EEM package can reduce the peak demand below 200Kkw.r e 6 s

no room leftftor demand charge reduction through EFMs in thegker budget levels.
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Figure 4.79 Investment and demand charge savings of combined EEM+EFM

Figure4.79 depicts the change of total investment cost and demand charge savings for each
budget. The demand charge saving curve remains steady between buddeb@ctmse the

maximum demand chargedwgction has beeachevedat these levels.

Figure 4.80 displaysthe NPVin five budges in twenty yearsAlthough the optimization
result suggests thatidget 5has the maximum NPV, the NPV does not vary too much fnodget
2 to 5. Considering the $150,000 difference in the initial budgéudget 2and 5, the customer

may want to choose the investment strategy suggastaaiget 2
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Figure 4.80 NPV results of combined EEM and EFM

4.3.4 Case 3: Pacific Gas & Electricity-A0 TOU

This caseemploys theP G & EstheduleA-10 TOU ratego calculate the cost of electricity
andto evaluate thdest measure arndvestment strategsto reduce demand charg&ifferent
from the flat daily rate structure in case 2, the schedul® AOU adopts a TOU rate structure.
Table2.1 andTable4.3 details how times of the day are defined and how much is the hourly rate
during a dayThis rate schedule also includes the PDP mata.PDP event day, the customer will
be charged $0.9 per kwh from fi2n.to 4 p.m.In contrast, they will receive a credit of $3.26 per
kW reduction on peak demand in the month that contains the PDP$a@&rin 4.1 has introduced
how to decide the PDP event day. This case adopts the same methddbéand.27Table

4.19Table4.11 lists the selection criteria and the date of days that meet the criteria.

Table 4.27 Number of days meets the criteria

T>35.93 July 8
T>34.93 July7,14, August 1, 2, 18
T>33.93 June6, 13, July 6, 9, 13, 21
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The first step is to calculate the monthly electricity bill. Taking summer month August
as an examplehe first part is to decidéhe peak demand in the current month. The customer will
be billed fordemad according to the cust ome théhsghestax i mun
15-minute average in the mont#ccording toTable4.23, the billing demand in August £50.93
kW. Table 4.28 details the steps to calculate the monthlcticity bill in August. The total
amount tobe paidby the buildingin August is$24,748.731t is worth mentioning that the rate
structure incase 2and 3bothgpplo PG&EGsSs customers with peak d
but less than 499 kW. By comparing the monthly electricity charge in case 2 and 3, we find out
that for the referenceetail building, before applying any EFM or EEM, choosing the-i@uU

rate has aelative low electricity cost.

Table 4.28 Calculation of the monthly electricity bill

Customer Charge 3ldays @ $4.60 $142.59
Demand Charges 250.93 kW @ $16.78 $4,210.61
Subtotal $4,353.19
On-Peak 26569.65 kWh @ $0.22 $5,837.88

PartiatPeak 26231.54 kWh @ $0.16 $4,317.45

Off-Peak  26973.41 kWh @ $0.14 $3,682.41

PDP Events 2804.56 kWh @ $0.90 $2,524.10

Total Energy Charges 82579 kWh $16,361.85
Transmission RatAdjustments 82579 kWh @ $0.00472 $389.77
Public Purpose Programs 82579 kWh @ $0.01416 $1,169.32
Nuclear Decommissioning 82579 kWh @ $0.00149 $123.04
Competition Transition Charge 82579 kWh @ $0.00100 $82.58
DWR Bond 82579 kWh @ $0.00549 $453.36
New System Generation Char 82579 kWh @ $0.00238 $196.54
Subtotal $23,129.65
Sales Tax $23,129.65 @ 7% $1,619.08
Total Electric Charges $24,748.73

Figure4.81demand charge savings and investment costs of implementing the optimal EFMs
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Figure 4.82 details demand charge savings amestmentsof implementing the optiad
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Figure 4.81 Investment and demand charge savings of EEMs
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EFMs at each EEM budget levelhe investment cost curve remains steady with increasing

budget.Thecurve of annual demand charge savings risbsd@dget 3and4 and declines diudget

5. Because executing EFMs can successfully reduce the peak demand below 208ukigétr8

and 4. However,at budget 5the EEM package can reduce the peak demand below 200 kW.
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Figure 4.82 Investment and demand charge savings of EFMs
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Figure 4.83 Investment and demand charge savings of combined EEM+EFM
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Figure 4.84 NPV results of combined EEM and EFM

Figure4.83illustrates the total investment and demand charge saairegech EEM budget
level. Budgetlevels 3, 4 and5 achieve the highestlemand charge savings. The NRultsin

Figure4.84 imply that the optimal investment strateglybudget Shas the maximum investment
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paybackovertwenty years. Case 2 and 3 are different optajrieesame electricityateschedule
that customergan choose fromin both cases, the optimization result suggésasthe peak
demandcan reluce below 200 kW, which indicates thtte financial benefitof reduced demand
charges exceeds the rise in the energy pBgecomparing the result of case 2 and 3, cae
concludethat for the reference retdilding,thenonTOU rate has a higher NPV in twenty years

compared tahe TOU rate.

4.3.5 Case 4: Southern California Edison TARE3 Option A

This case adopts tieouthernCa | i f o r n ischedlHeiOUsGSB Opsion Aratesto
calculate the cost of electricity atwlevaluate théest measures aim/estment strategy to reduce
demand charge§ he case bui |l di 259.63kW. if ¢ha &nd usesucaesstully i s
attemps to reduce the peak demand below 200, kidéy could switch to schedule TOGRS2
option A, which has a higher energy rate, but a lower demand chHdrgefore, if the results
show that demand charges contribute a lot in the electricity bill, the enshasddmake a serious

effortto bring the peak demand below 200 kW.

The first step is to calculate the monthly electricity bill. Taking summer month August
as an examplehe first part is to decidéhe peak demand in the current month. The custertler
be billed fordemad according to the cust ome théhlsghesta xi mun
15-minute average in the mon#ccording toTable4.23, the billing demand in August is 257.87
kW. Table 4.29 details the steps to calculate the monthly telgty bill in August. The total

amount tdbe paidby the buildingn Augustis $20,157.53
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Table 4.29 Calculation of the monthly electricity bill

Customer Charge 1 month @ $466.13 $466.13
Demand Charges 250.93 kW @ $17.81 $4,469.06
Subtotal $4,935.19
OnPeak 29374.21 kWh @ $0.32 $9,399.75

PartiatPeak 26231.54 kWh @ $0.11 $2,885.47

Off-Peak 26973.41 kWh @ $0.06 $1,618.40

Total Energy Charges 82579 kWh $13,903.62
Subtotal $18,838.81
Sales Tax $18,838.81 @ 7% $1,318.72
Total Electric Charges $20,157.53

Figure4.85, Figure4.86, andFigure4.87 showdemand charge savings aingestmentf
implementing the optim&EMs,EFMsandcombinedneasuretogethemtthe fivebudget leved.
The result from these analyses reveals that thenapinvestment strategy suggestddudget 5

achievesthe maximundemand charge savings
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Figure 4.85 Investment and demand charge savings of EEMs
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Figure 4.86 Investment and demand charge savings of EFMs
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Figure 4.87 Investment and demand charge savings of combined EEM+EFM
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Figure 4.88 NPV results of combined EEM and EFM

The NPV resultsdisplayel in Figure 4.88 imply that the optimal investment strategy
budget 5has the maximum investmepayback over twenty year¥he optimal EEM and EFM
package brings the peak demand down below 200 kW. AlthoughGESWR option A has a higher
energy rate, the result of the optimization analysis suggestth#hi@ancial benefitof reduced

demand chargesxceeds the rise in the energy price

4.3.6 Case 5: Southern California Edison TA&E3 Option B

This case adoptstfeout her n Cal ischedulehQUaGS-E apiios Bratés®
calculate the cost of electricity atmlevaluate théest measures an/estnent strategy to reduce
demand charge§ he case bui |l di 259.63kW. if ¢ha &nd usesucaesstully i s
attemptsto reduce the peak demand below 200, kidéy could switch to schedule TEES2

option B, which has a higher energy rate, but a |laeenand charge.

The first step is to calculate the monthly electricity bilhe customer will be billed for

facility related demand antme-related demand, which includes opeak and partigbeak
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demandTable4.30 details the steps to calculate the monthly electricity bill in Augiise. total

amount tdbe paidby the buildingn Augustis $18,541.84

Table 4.30 Calculation of the monthly electricity bill

Customer Charge 1 month @ $466.13 $466.13
Facility 250.93 kW @ $17.81 $4,469.06

On-Peak 25093 kW @ $17.42 $4,371.20

PartiatPeak 22758 kW @ $3.43 $780.60

Total Demand Charges $9,620.86
Subtotal $10,086.99
OnPeak 29374.21 kWh @ $0.12 $3,524.91

PartiatPeak 26231.54 kWh @ $0.08 $2,098.52

Off-Peak 26973.41 kWh @ $0.06 $1,618.40

Total Energy Charges $7,241.83
Subtotal 82579 kWh $17,328.83
Sales Tax $17,32883 @ 7% $1,213.02
Total Electric Charges $18,541.84

It is worth mentioning that case 4 and 5 bothgppb S CE&s cust omers wit
greater than 200 kW but less than 500 kW. The custearechoosavhich option they want to
enroll in. By comparing the monthly electricity charge in case 4 and 5, we could draw the
conclusion that for the referencetail building, before applying any EFM or EEM, choosing the

TOU-GS3 option B with timerelated demandnd DR incentive has a lower electricity bill.

Figure4.89, Figure4.90, andFigure4.91 showdemand charge savings aingestmentf
implementing the optimd&EMs,EFMs and combinedmeasurest each EEM budget levélhe
result from these analyses reveals that the optimal investment strategy suggtdstdnidget

level 5 achievesthe maximundemand charge savings
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Figure 4.89 Investment and demand charge savings of EEMs
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Figure 4.90 Investment and demand charge savings of EFMs
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Figure 4.91 Investmentand demand charge savings of combined EEM+EFM
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Figure 4.92 NPV results of combined EEM and EFM

The NPV resultsdisplayed Figure 4.27Figure 4.92 imply that the optimal investment
strategyat budget Shas the maximum investmepayback oer twenty yearsCase 4 and 5 are
optionsof the sameelectricity rate schedule that custometan choose fromBy comparing the
result of case 4 and 5, wan concludéhat for the referenaeetail building, option B of TOUGS

3 has a lower monthly util bill and a higher NPV in twenty yeacempared t@ption A.
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4.4 Summary of Deterministic Analysis

This sectionsummaizesthe deterministic case studigsthis ChapterTable4.31, Table
4.32, and Table 4.33 detail the investment ithe three types of commercial buildingsat were
analyzedMoreover, it shows for all budget levels and rate structures which EEM and EFM were

chosen in the optimal package.

In office buildings cooling and lighhg are two dominat energyconsumes. For the EEMSs,
roof emissivity solar reduction factprand window SHGGCare selectedn all optimizatiors,
although in some optimizations the achievement level is low due to the limited biitiget
infiltration rate and insulation thickness are only recommedegrtain budget leveln case 5
budget3 of theoffice building the optimal value ofhe thickness of the-R0 insulation material
is 15 mm,which gives themaximum NPVin twenty yearsThe NPV is affected by both the
investmentind the energy cost. Increasihgckness of the RO will increase thenvestmentbut
reducethe demand charges during the summer season. Because the peak demand usually occurs
when the outside temperaturehigh, improving the insulation of the building can reduce the

transmittance heat gain from the outside, therafedacingthe power demand.

The rospital building hathe highest peak demanféithe three types of buildingbat were
analyzed in this chapt In a hospital building, cooling and appliance are the top two energy
consumersTherefore, schedubgljustments selectedn the optimaketin all casessince it shifts
considerable appliance load from-peak hours to ofpeak hoursThe setpoint temperature
control isrecomnendedin all case. Because the cooling setpoint in the hospitallss , increasing
the thermostdty 2.53 will under normal circumstances lemdthermal discomfort which implies

that setpoint control is an EFMhdt has no penalty. Obviously, this will need more detailed
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analysis, looking at different zones and diffetemperature ranges mandateddidierent clinical

processesThis, howeverjs outside the scope of this thesis.

In aretail building, lightingand cooling are the top two enempynsumes. The peak cooling
in a building usually occurs duringfternoon hours ohot summer day However,the retail
building usually reaches tmeaximumoperation load durinthe late afternoon and early evening
hours onweekdag, andduring the whole day oweekends. Therefore, the retail building has a

moderate peak demand and a gentle load profile cadpathe other two types of commercial

buildings.
Table 4.31 Investment in the office building
EEMs EFMs
Deterministic Analysi] Infiltration InsulationEmissivity Resd(zllgtrior Window | Temperature Lighting Voltage PV

Rate  Thickness of Roof Factor SHGC Control ~ Dimmer Throttling System
Budget 1 - - - - - - $7,800 Yes  $40,560

Budget 2 - $2,400 $7,500 $24,200 $15,900 - $1,300 Yes -

Case1l Budget3 - $4,300 $7,500 $24,200 $64,000 - $7,800 Yes -

Budget 4 - $5,800 $7,500 $24,200 $112,500 - $7,800 - -

Budget5| $9,700 $12,800 $7,500 $24,200 $145,800 - $7,800 - -
Budget 1 - - - Yes $7,800 Yes $104,00(
Budget 2 - - $7,500 $24,200 $18,300 Yes $7,800 Yes  $104,000
Case 2 Budget3 - - $7,500 $24,200 $68,300 Yes $7,800 - $104,000
Budget 4 - $7,500 $24,200 $118,300 Yes $7,800 - $104,000
Budget 5 - $1,800 $7,500 $24,200 $166,500 Yes $7,800 - $104,000
Budget 1 - - - - - Yes $7,800 - $104,000
Budget 2 - - $7,500 $24,200 $18,300 Yes $7,800 - $104,000
Case 3 Budget 3 - - $7,500 $24,200 $68,300 Yes $7,800 - $104,000
Budget 4 - $900 $7,500 $24,200 $117,400 Yes $7,800 - $104,000
Budget 5 - $2,500 $7,500 $24,200 $165,800 Yes $7,800 - $104,000
Budget 1 - - - Yes $7,800 - $104,000
Budget 2 - - $7,500 $24,200 $18,300 Yes $7,800 - $104,000
Case 4 Budget3 - - $7,500 $24,200 $68,300 Yes $7,800 - $104,000
Budget 4 - - $7,500 $24,200 $118,300 Yes $7,800 - $104,000
Budget 5 - - $7,500 $24,200 $168,300 Yes $7,800 - $104,000
Budget 1 - - - - - Yes $7,800 Yes $104,000
Budget 2 - $1,200 $7,500 $24,200 $17,100 Yes $7,800 Yes  $104,00(
Case 5 Budget3 - $2,700 $7,500 $24,200 $65,600 Yes $7,800 - $104,000
Budget 4 - $3,100 $7,500 $24,200 $115,200 Yes $7,800 - $104,000
Budget 5 - $3,500 $7,500 $24,200 $164,800 - $7,800 - $104,000
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Table 4.32 Investment in the hospital building

EEMs EFMs
Deterministic Analysil |nfiltration InsulationEmissivity Resd(ljjlgtrior Window | Temperature Lighting Voltage Schedule PV
Rate  Thickness of Roof Factor SHGC Control  Dimmer ThrottlingAdjustmen System
Budget 1 - - - - - Yes - Yes Yes -
Budget 2| $5,000 $7100 $4,100 $24,200 $9,600 Yes - Yes Yes $4,680
Case 1l Budget3| $4,000 $4,80 $3,000 $24,200 $64,000 Yes - Yes Yes $28,80
Budget 4| $7,200 $2,300 $1,100 $23,00 $115,D0 Yes - Yes Yes -
Budget5| $1,000 $1,000 $2,200 $23,00 $172,800 Yes - Yes Yes -
Budget 1 - - - - - Yes $7,800 Yes Yes  $104,000
Budget 2| $6,600 $2,900 $4,100 $23,000 $12,80 Yes $7,800 Yes Yes  $104,000
Case 2 Budget3| $4,000 $4,80 $3,000 $24,200 $64,000 Yes $7,800 Yes Yes  $104,000
Budget 4| $7,200 $2,900 $1,100 $23,000 $115,00 Yes $7,800 Yes Yes  $104,000
Budget5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 Yes Yes  $104,000
Budget 1 - - - - - Yes $7,800 Yes Yes  $104,00(
Budget 2| $4,400 $3,800 $3.400 $22,400 $16,000 Yes $7,800 Yes Yes  $104,00q
Case3 Budget3| $4,000 $4,800 $3,000 $24,200 $64,000 Yes $7,800 Yes Yes  $104,00(
Budget4| $7,200 $2,900 $1,100 $23,00 $115,D20 Yes $7,800 Yes Yes  $104,000
Budget 5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 Yes Yes  $104,000
Budget 1 - - - - - Yes $7,800  Yes Yes  $104,000
Budget 2| $400 $19,200 $3,000 $24,200 $3,200 Yes $7,800 Yes Yes  $104,00q
Case4 Budget3| $4,000 $4,800 $3,000 $24,200 $64,000 Yes $7,800 Yes Yes  $104,00(
Budget4| $7,20 $2,900 $1,100 $23,00 $115,D0 Yes $7,800 Yes Yes  $104,00(
Budget 5| $1,200 $1,000 $5,200 $23,00 $169,600 Yes $7,800 Yes Yes  $104,000
Budget 1 - - - - - Yes $7,800  Yes Yes  $104,000
Budget 2| $4,400 $3,800 $3,400 $22,400 $16,00 Yes $7,800 Yes Yes  $104,000
Case5 Budget3| $4,000 $4,800 $3,000 $24,200 $64,00 Yes $7,800 Yes Yes  $104,000
Budget 4| $7,200 $2,90 $1,100 $23,00 $115,200 Yes $7,800 Yes Yes  $104,00(
Budget 5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 Yes Yes  $104,00q
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Table 4.33 Investment in the retail building

EEMs EFMs
Deterministic Analysi |nfiltration InsulationEmissivity Resd?Jlgtrior Window | Temperature Lighting Voltage ~ PV

Rate  Thicknes: of Roof Factor SHGC Control ~ Dimmer Throttling System

Budget 1 - - - - - $7,800 -

Budget 2| $400 $19,D0 $3,000 $24,200 $3,200 $7,800 -

Case 1l Budget3| $4,000 $4,800 $3,000 $24,200 $64,000 $7,800 -

Budget 4| $4,600 $9,600 $6,000 $24,200 $105,600 $7,800 -

Budget5| $4,800 $4,800 $3000 $24,200 $163,200 $7,800 -
Budget 1 - - - - Yes $7,800 $104,000
Budget 2| $600 $6,000 $24,200 $19,D0 Yes $7,800 $104,000
Case 2 Budget 3| $2,400 - $3,000 $24,200 $70,400 Yes $7,800 $104,000
Budget 4| $2,000 $3,800 $3.400 $22,400 $118,490 Yes $7,800 $104,000
Budget5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 $104,000
Budget 1 - - - - - Yes $7,800 Yes $104,000
Budget 2| $4,000 $3,800 $3.400 $22,400 $16,000 Yes $7,800 Yes  $104,00(
Case 3 Budget3| $4,000 $4,800 $3,000 $24,200 $64,000 Yes $7,800 Yes  $104,00Q
Budget 4| $4,800 - $5,600 $21,200 $118400 Yes $7,800 $104,000
Budget 5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 $104,000
Budget 1 - - - - Yes $7,800 Yes $104,000
Budget 2| $6,800 - $3,000 $24,200 $16,000 Yes $7,800 Yes  $104,00(
Case 4 Budget3| $4,000 $4,800 $3,000 $24,200 $64,000 Yes $7,800 $104,00(q
Budget 4| $7,200 $2,900 $1,100 $23,€0 $115D0 Yes $7,800 $104,00(q
Budget 5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 $104,000
Budget 1 - - - - Yes $7,800 Yes $104,000
Budget 2| $600 - $6,000 $24,200 $19,00 Yes $7,800 Yes  $104,000
Case5 Budget3| $4,000 $4,800 $3,000 $24,200 $64,00 Yes $7,800 Yes  $104,000
Budget 4| $7,200 $2,900 $1,100 $23,€00 $115,200 Yes $7,800 $104,000
Budget5| $4,800 $4,800 $3,000 $24,200 $163,200 Yes $7,800 $104,000

PV is typically considered to becasteffectiveinvestment based on energy savings alone
(Cengiz 201% This changes at high capacity installations when there is a substantial amount of
excess generation (more generation than the concurrent demand of the building)deetkiad
economic viabilitydepends strongly on the local fedrateor the cost of local storage. In our
case buildings, the PV areas are rather limited and excess generation is not a big issue or does not
occur at all. This means that PV in rate structures with sufficiently dligttricity price is an
automaticchoice, even withoutounting the benefits of demand charge reduction as result of PV

installation.All the cases under GP PL-l schedule do not select PV or only install a small
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number of the PV system, while in otheilityt rates, the optimal result suggesteximizingthe

size of PV system to gain a high NPV. This is becauBdPGMW11 uses HUD to categorizbe

peak load frequency of the building. HUD is calculated as the monthly total energy consumption
divided by thepeak demand. Buildirsgvith low HUD have a higher occurrence frequency of the
peak demandand will be charged for a higher energy and demand chargelmateir case
buildings, nstalling a PVsystemreduces the monthly total energy consumption, therefore
reduaeng the HUD.The cases presented in this chapter proveinitdling a large PV system in

the office and retail building will reduce the HUD below 200, at which point the building will be
charged a much higher energy rate. Therefore, most optinedtment packagen GP PLM-11

do not suggest installing a PV systérhis is an important insight as it is countetuitive to what

most building operators would expect from PV installations. It turns out that this particular rate

structurecan in fact be adisincentivefor PV installation.

Since utilities have been typicallyharging flat rates for electity in the pastbuilding
owners only pay attention to EEMs tiiatused solely oneducing energy usage within a building
while indifferent to thetime in which energy usage was reduckdhe building transfer to a
dynamic pricingate the monthly reduction through EEMs will get lower. Some utility companies
provide TOUandnon-TOU options for their clients. Electricityuilding ownersshould evluate
the energy flexibility feature in their buildisgand decide which option could bring thehe

maximum bill savings.

Figure4.93, Figure4.94 andFigure4.95 illustrate the daily load profile of three types of
commercial building®n August 17th, on which day thheaximumdemandn this yearoccurred.
The rate structure BCE TOUGS-3 option B)is selectedThe blue curve represents ttaaily

load profileof the baseline buildingThe orange curve represents the daily load profile of the
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buildingthat haghemaximumNPV in case 5 among all the five budget lev@lse deterministic

result implies that the optimal EEM and EFM package applidaetoffice and retail building can

redue the peak demand below 200 kW. In the hospital building, the peak demand is reduced close
to 200 kW It is important for building operators to choose an investment package that offers strong
guarantees that the engrgill reduction will actually be achieved after the interventions are
implemented. Such guarantee can not be given based on a deterministic analysis. A stochastic
analysis that captures the influence of natural variabilities in parameters and usagessaadar
uncertainties in cost assumptions will need to be conducted foCttapter Swill, thereforefocus

on capturing variabilities and uncertainties and conducting an uncertainty analysis to show the
uncertainty in the NPV. Chapter 6 will follow @a show how the optimal set of EEM and EFM

will be influencedby these uncertaintiegiving rise toa stochastic optimization.
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Figure 4.93 Office building daily load profile
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Figure 4.94 Hospital building daily load profile
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Figure 4.95 Retail building daily load profile

It is worth mentioimg that,the EEM investment scale (budget levelsgd in this studysi
dependent othe case building. For eattuilding, the EEM budget levels scale will have to be
determined specifically for that building. It will start with level 1 (the building as is, no budget) as
is (level 1, no budget) and end with level 5 (all poesEEMs are applied at their highest

achievement level, leading maximum budget). Budget levels 2, 3 and 4 are then defined as
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intermediate levels. It should be noted that there is a direct association between each EEM budget
level and the EPC1 value (Bgg Performance Coefficient for Energy Demand). Although this
provides a good way teormalizingthe budget levels, the same is not true for the peak load. This
realization leads to the conclusion that the results in this chapter are case specifigetirasot

be translated to generic conclusioBsalingto smaller or larger size peer buildings cannot be done
due to the fact that demand charges are too much dependent on the size of the building.
Neverthelessthe results discussed in the study reveal the complexity of the optimization problem
and projects a possible trend of demand charge reduction potential of EFMs in buildings with
different energy efficiency levels. As long as generic conclusions aretthalelvelop, a good
alternative is a tool that can be used by building operators to determine the optimal EEM+EFM
package for their specific building. Such a tool has been developed as aehagnableof this

thesis. The DIY tool is directed towards aoercial building ownero allow them todetermine

the optimal investment strategy for their specific buildingsilltbe described in Chapter 7.
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CHAPTER 5 UNCERTAINTY QUANTIFICATION AND ANALYSIS

Models are ideakepresentation®f the real physical worldvith different levels of
abstraction and fidity. Before utilizing a model to make predictions or decisianis, important
for the userto obtain a deemndersandng of the acuracy and reliabilityof the model The
traditionalmethodto evaluate the correctness of a modéb isompare the outcomes of the model
with realmeasurementand repeat that experiment under many different scen&t@sever, in
the building discipline, eaclbuilding modelonly has one realization at a tim&s a result we

forfeit the objective to awstrict absolutely correct models. Insteae estimate the uncertainty in

our model outcomes based on estimating the uncertainty or variability of the model parameters.

We can judge these uncertainties fairly vibglsed on previous reseaf@e Wit 2001, Macdonald
2002, Sun et al. 20)Based on these investigatiomse usea generiancertainty analysit help

us understad thevariability of our modeloutcomesand estimate the level of confidence in the
predictal result.given the range of irreducible uncertainty in our model parameters ance(in th
extreme case) in the modedetf. The latter is called modé&rm uncertainty $un et al. 2014, Sun

et al. 201%whichis out ofthe scope othis studyandignored. Instead we will show in Chapter

7 that our model is accurate enough for our comparative studies thus renderingformodel
uncertaintyis less relevant. Our focus in this chapter is therefore on the most relevant model
parameters, i.e. those that can adghificant uncertainty to peak power and consumption
predictions Conductinganuncertainty analysis can also help us gain insightsidiatifying the

most influential sources of uncertainty.

Wal ker et al . (2003) def iionfeoththeunackiavdble idealt y

as

of completely deter mini st iludeek, mphysicadrdathematicdl t h e
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modelcan be trusted with perfect certain8olely relying onthe predictionfrom alow-fidelity
deterministic model with highuncertaing may lead tothe wrong choices and thus carry a
substatial investment riskIn order to make rationahvestmentdecisiors, it is necessary to
conductan uncertainty analysis, which quantifiélse risk assciated with the decision analysis
model. De Wit and Augenbroe (2002) integrdtelQ with risk analysis in a decisiemaking
context. This studgoncluded that if the decision makeasinformed about uncertainties in the
prediction, they could havehosen differet design alternativeddeo et al. 012) extended the
application of UQ to support risonscious decision making in building design and retrofit when

decisions ardriven by financial return on the investment

The prediction ofenergyconsumption is uslig based orthe aggregated electricity usage
over a certain time perigdypically onemonth oroneyear), whichis insensitive to the spikes of
the usage in that periotHowever,the estimation ofpeak demand is based am averaged
electricityusage ovea short time periogtypically 15 or 30minuteg. The steepness in the load
profile will be reflected in the peak demand. Therefore, peak demand is difficult to predict due to
its higHy dynamic naturgand, in general, it is expected to be ensensitive to the variability of
model parametersThe analysis in this chapteeplacs the deterministicsimulation of peak
demand and total energy in the buildiwgh a probabilistic predictiortHence, theoptimization
as acomparativeanalysisover all options in the parameter spacged also to work vith
probabilistic distributions, which turns the deterministic optimization into a stochastic
optimization problemBefore we get to the stochastic optimization in Chapter 6, we will describe
in this chapter thempact ofuncertaintieson the optimal solutions that were found in Chapter 4.
We start froma preliminaryanalyss of uncertainties that reside nelevantmodel parameters.

Then we propagate all ahese identified uncertaintiesroughthe model using@ Monte Carlo
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engine that rungepeatedlywith different valuessampled fromthe parametemuncertainty
distributiors. In the last step, we will combine outcomes from all these samplesoastruct a

distributionfor the variable of interés

For the study of peak loadse have focused on uncertainty iypical set ofparameters
that represent physical parameters and usage and occupancy scenarios that cannot be precisely
known. These are the typical building energy model parameters héethe maininfluence on
the benefit side of NPV as they impact the prediction of peak loads and energy consumption and
thereby the prediction of savings. In addititimere are uncertainties in models that quantify the
costs (or damages) of proposed swas such as in the monetagst of technologiesfuture
changes i nrate pokcy,perfoimhnice detéreration of certain technologes the
others. It is obvious that cost side uncertainties have a significant influence in the NPV valuation
of an EEM+EFM selection, and thus nd¢ede considered when makiaginvestment decision.
The quantification of those uncertaintinphysicalproperties and usageenariosis based on the
UQ repository developed in previous work in the EfSEHED project. The UQ repository stores
the probabilistic distribution of thieuilding energy modgbarameters summarized from previous
work (De Wit 2001, Macdonald 2002, Sun et al. 20F#). the three cost sidencertaintiesno
data exists in the repository. In the nsettionswe will quantify three sources afncertainy: (1)
the loss of productivityat different temperature level®) cost of EEM related tgproducs and
labor fees and (3) future change of demand charge satBachcould be added into the UQ
repository in the future. The last section of this chapter théh illustrate howthe resulting

uncertaintyleads to a variability in predicted peak loads, eneansumptionand NPV.

5.1 Uncertainty Quantification
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As explained above, we focus quantifyinguncertainty inthe loss of productivity, cost of

producs, and future change of demand charge rate.

Themethod of implementing parameter and operasimenariauncertainties in EPC will be
introduced in section 5.2We will discuss how quantified expressions wicertaintiesis
implemented in the current hourly EPC calculand its adebn NPV calculationThe UA and
SA are conducted with the resulting moddiisTserves a deeper inspection of the results obtained
in the previous chapter in order éwaluate the potential impact different parameter®n the

optimal investment soluti@that were found.

5.1.1 Uncertainty inProductivity Loss

A comfortable or neutrahdoortemperature represents the range of temperatures at which
the air feels neither hot nor colthder the normal clothing level (0.5 CId) is an essential
characteristicdhat describeghe indoor enviroment. Evidencein the literature hashown tlat
room temperaturbas a conseable influence on thehysiological and subjectiveuman
responsessuch as thermal comfodgense ofndoor air guality and productivity of workWillem

2006, Lan et al. 2011)

Theaverage f f i c e wo isdpproxitnatly doable the cpsif the building operation
and maineénance cosper worker(Djukanovic 2002)A 1% change in the productivitf workers
has aconsiderable impact on thm®ttom line of the organization. In this study, a prominent EFM
introducel in the previous chapters increases the temperature sedpaimg peak load periods.
This leads to temperature increase and related loss of productivitylifoited time. Using an
adequate model to predict productivity loss is crucial in order talahai this EFM is over or

under utilized due to the big impact of productivity loss on the NPV of the set of proposed

160



measuresSeppanen et al. (2003) claintbatthe upper boundary of the thermal neutrality is 25

Above thispoint,there will be a peaty in the form of goroductivity losswill be added to formulas

of economic analysigiowever, this boundary value is very vagunel hard to pinpoint in a specific
situationand could thereforelead toan over or undeestimation ofthe productivity loss.The

author cited the conclusion from Federspiel et al. (2002) that temperature variations between 21.5
and 24.73 did not appear to significantly affeetwor ker 6 s producti vity.
refered to Witterseh (2001) to suppdine proposed neffect range. The 21 to 25temperature

range is also close to the range of temperatures considered comfortable in some thermal comfort
standards(ASHRAE 2004). However, results from these studies mgeperformed in field
laboratories with pre-conditioned, biased sourceBhe thermal neutrality ranges concluded from

these studies are merely approximations without validation from real office cosdition

Literaturethat focuse on the relationship betweendoor temperature amquoductivityloss
is not scarceBerglund et al. (1990)ollectedthe performancedataof wireless telegraph operator
in differentinterior thermal conditionsThis papeffirst utilized thephysiological thermal model
that relates the productivity to the effective paratureand therderived therelationshipbetween
productivity loss and indoor temperature from this modéfon (1996)inspectedhe impact of
room temperaturen the productivity loss based dhe measuremerdatao f  w o thikkeng s 6
and typing perforrancein an office spaceThe experiment revealed that for the thinking task,
productivity started to decrease at32land reducedy 30% at 23 ; for the typing task,
productivity started to decrease at32land reducedby 30% at 24 . He equally weighted each
task and summarized the relationship of the decremethtegferformance of office works as a
function of the actual temperatuiidiemelé et al. (2001) claimed a decrement of 1.8%sper

the productivity of workeren a call cater when tk temperature was above tlamgeof thermal
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neutrality, which is roudly estimatedto range from 21 to 26. In a followrup experiment
performed in the same call center, Niemel& et al. (2002) reported a decrement of 234% per

the productivy. Federspiel et al. (2002) measured the productivityakers in acall centerby

their speed of completing a talk tagihe study claimeao significant relationship betwedine
productivityandthe indoor tempature within the range fror1to 2543 , buta 16% lossin the
productivity as the temperatureaches263 . Seppanen et al. (2003) proposed a relatign
betweera wor k er 0 sangileterhperatuna Ihsbosved?dodecrease itheperformance

by one degreecelsiusincrease of the temperature in the range of@2823 and no effect on

wor ker 6 s p dhetenoperataearge of 21n1@®53 . Seppanen et al. (200dssembled
informationfrom the literature on howhetemperature affecggroductivity and how to inaporate

the effect of productivity loss in theostbenefit analysis in building design and operation
investmentKosonen (2004assessed the productivity loss in buildings usied®MV index and
derived the relationship between productivity decremeniraadwbr temperatureSepg@nenet al.

(2006) reviewedwenty-four relevantstudies on productivity loss aquoposed a cubic formula

to descrbe the relationship between indoor temgieu r € and wor k eané@tsal. pr odu
(2011) derived the relationship between productive decrement and indoor temperature from the

estimaion of roomair temperature from thermal sensation votes

The experiment results collected from these studies are limited to laboratory conditions
where theyexanine effects of temperature dhe performanceof some mental andthertasks
simulating office workThe fitness of applying the experiment data to performance in actual office
environmentss not clearlf we have no further data and have no evidengeitwitize one study
over the other, & should consider atlited empirical stutes as equally likely in estimating the

actual productivity loss over indoor temperature. Thus, the impact of indoor temperature on
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productvity loss can bequantified by revieiing the models and values reported in published
literature and standardsdapproximaing the functiors in the literaturevith linearfunctions of

the following form:

0 QYO (5.1)

Table 5.1 summarizes the relationship between indoor temperature and productivity loss

developed in the literature sinteel 9 6 0 0 s .

Table 5.1 Relationshp betweenroom temperature and productivity loss in the literature

Models Environment of the study References
0 T¥InY T ne Classroom (Pepler 1968)

0 TBITTM & C U ( Apparel factory (Link & Pepler 1970)
0 T8t T PYX T U O ( Classroom (Johansson 1975)
0 T@ICY T U Laboratory measurement,  (Berglund 1990)
P=0.05T-1.0179 Laboratory measurement (Wyon 1996)
P=0.018T-0.3942 Field measurement (Niemela 2001)
P=0.024T- 0.6 Field measurement (Niemela 2002)
P=0.2667T-6.7733 Field measurement (Federspiel 2002)

P=0.02T-0.5 Model approximation (Steppanen 2003)
P=0.0437T- 0.8498 Theoretical analysis (Kosonen 2004)
P=0.0518 -1.1232 Theoretical analysis (Kosonen 2004)
P=0.0614T- 1.4529 Theoretical analysis (Kosonen 2004)
P=0.0146T- 0.3503 Model approximation (Steppanen 2006)

P=0.011T-0.242 Field measurement (Lan 2011)
T - Thermostat setting P - Productivity loss

The next step is to create a uniform model in which a and b are considered unkrertain.
order to estimate the distribution of a and b, adeptthe bivariate kernedlensity estimator to

evaluate the density of the two coefficients. Thatrematical function of the bivariatéernel

density estimator is:

163



L ® (5.2)

™| O

Wherewo  ©fo RQ plefB fe are the indices of observation paries, K is the kernal

function, and H is the bandwidthatrix, and) is given by

b & Ls0 s 3

The bandwidthmatrix ( is determined by optimizatio.he kerrel function isa bivariate
Gaussian distributionTo visualize the uncertainty in the calculationtloé productivity loss,
Figure 5.1shows the box pladf the values ofproductivity loss at differentindoor temperature
The xaxis represents the differenbetween thea c t u a | temperature and t|
temperatureln this thesis, we adopt a neutral temperature 24 the office and retail building
case, and 2l in the hospital cas&@he median value of the productivity loss increases moderately
from 6% to 11% when the indoor temperature is increased frosn 4303 . However, the
distribution of the productivity loss has a long tail towards higher values and has a wide base.
Conclusions thatountercommon sense can deawnfrom the long taisuch as people wouldse
30% oftheir productivityat indoor temperatures of 25 This resultwouldindicatethatchanging
the thernostat setting could incur a significant changm productivity. Most variallity in the
prediction of productivity loss comes from the long tail, which coulthkeesult of trainingour
model withseveralover conservative modeteportedin the literaturelf we only focus on the
median value of the productivity loss percentagecwdd find that peoplare indifferent to the
temperaturehange within a certain rangéwe integratethe productivity lossuncertainty in our
comprehensive uncertainty analysis modedilit obviously add a long tail of negative impact on
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the NPV, wiich creates a long negative tail for the NPV distribution. Due to its hegwct, we
spit the analysis irsection 5.2nto two parts. In the first part, waspect the change of NPV with

different productivity loss uncertainty included. Then, we exclude it from the uncertainty analysis.
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Figure 5.1 Box plot of productivity loss as function of indoor temperatue increase above
neutral temperature

5.1.2 Uncertainty inProduct Cost

The cosedimationof each energy efficient measure plays an important role iogt@ization
process as it may eventually change the decisadout which measures will be applied. The
methodology used forestimating cost ikept verysimple. The common puts of the calculation
includebut arenot limited to the cost of the material, labor, delivery, preparation of worksite, testing,
and if any permit or testing is required by the localeregulations. Those inpiktenselves, however,
are not easy tbe estimategrecisely. For instance, one major component of cost, the labor fee, may
vary based on the project location, selectiothefcontractor, anavhetherextra work is required to
remove the existing installations. What's more, cost risk@naier measurable part of the cost

165



uncertainty, can also adpositiveor negative deviation to the final coRisksof project costan be
classified into the fdbwing six categoriesquality risks(e.g.lack of quality control andests),
personnetisks(e.g. lack of skills), cost riskg.g. planning changes, complicated project conditions),

set date/deadlines riskge.g. the project end is delayed), risks thtegic decisions(e.g. fail to
recognizeopportunitiey, and external riskée.g. political chang@sThe quanfication of risks and

other cost uncertainties, which requires assessing individual uncertainties with their correlated effects,
is a complicaéd process and requires professigndgmentbased on individugbroject condition.
Therefore pur analysiwill not go that far, and a rule of thumb will be used. The common cost of the
measuress listed inTable4.16. Toall the costsa 10% variancwvill be added. The simplicity of this
approach is warranted as a first steputalerstanithg the relative influence of different sources of

uncertainty.

5.1.3 Uncertainty in thdFuture DemandChargeRate

Electricity rates reflect the cost to build, maintain, and operate power plants and the
transmission and distribution systebhtility rates have a dynamic nature. Therefore, \wave to
accept thafuture demand chargates ae uncertain. One working assumption could be that they
are based on or evdinearly correlatedvith the predictedchange of peak demand in thewer

grid.

Predctionsof peak load in the gridave been made by some utilignepaniesXcel energy
projects a annual growth rate of 0.4 percent on the peak load iseigc territory during the
2016 to 2030 planning perioK¢el 2016).ERCOT (2017) claims that there will be a&2%
increase in the peak demand in the power grid from 2017 to 2025 in Tdk#sese future
projections made by the utility companies indicate an upward tetie peak load in thieiture

grid even with a groimg DER involvementThe DER share is expected to grow as costs go down
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(DERs only cost 50% of what they did three years ago) and DOE keeps investing in efforts that
discover innovative technologies which could further drive down the cost dDP¥ @014. It is

highly possible that the DERs takeubstatial share of the electricity market in the coming years.
International energy outlook (2016) predicts tivairld net electricity geeration would increase

69% by 2040.lt is possible that théuture growth of power demand exceeds the growth of
distributed generation. However, the utilities are holding a conservative attitude towards the future
market share of DERs when making the prediction of peak load growth in the power grid. In order
to take a neutrattitude, we assume that the average trend is 0 (no change in demand charge rates)
with a +f 2% range. It is applied to each specific utility rate case as a simoytiplicationfactor

on the calculated demand charge. This study simplifies this pregessfurther by assuming a
uniform distribution of this multiplication factor between 0.98 and 1.02 and using the same value

for the whole 20 year time horizon in the NPV calculation.

It should be kept in mind that the regular uncertainties in relevaidirigienergy model
parameters are considered in conjunction with
energy model parameters, we treat the operational scenavelu® of the walls, balue of the
windows, infiltration rate as key uncertgparameters. Assuming there is only limited knowledge
about how will the building be operated in reality, this study assumes the scenario uncertainty is

20%, while the other model parameter uncertainty is 10%.

5.2 Uncertainty Analysis

In this section, weropagate uncertainties irenergy model paramegrscenarioparameters,
productivity loss formulaproduct cost and future demand charge ttze are listedn Table5.2. We

do this for the optimal EEM+EFM cases determined in Chapter 4, i.e. the building with EEM+EFM
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that has the maximum NPV. Below, the results are shown for the ofEEMIFEFM investment
(maximum NPV) cases found in Chapter 4 @dfice, hospital and retail building for rate case 5. For

eachcasethe variability in peak load distribution (¢hepeak load day), NP}istributionwith SA is

presented.
Table 5.2 List of uncertainty parameters
Uncertainty Parameter Range
U-value of Wall -10% ~ +10%
Energy Model Parameter U-value of Window -10% ~ +10%
Infiltration Rate -10% ~ +10%
Occupancy Density -20% ~ +20%
Scenario Parameters
Appliance Density -20% ~ +20%
Productivity Loss Bivariate Kernel Density
Cost Factors Product Cost -10% ~ +10%
Future Demand Charge Rate -2% ~+2%

5.2.1 OfficeBuilding UncertaintyPropagation

In this subsection, weanalyze thaincertainies inNPV and load profilehe office building
case 5In case 5it was found thathe thernostat adjustmens not parpf the optimaEEM+EFM
package, which implieshat theuncertaintyin productivity lossis irrelevant as the setpoint
adjustment is not part of the selected EFM nfi&le assume no productivity loss if the thestat
adjustment option is not selectesmk other temperature adjustments, such as may happen with
voltage reduction (if it is among the selected EFM) will not lead to higher temp@r&iguee5s.2

shows the esuls of NPV at different budget levelwith the optimalEEM + EFM The result
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reveals thabudget level 5, aclving the maximum NPV in the deterministic analysill shows
the highest median value of NPYowever, it is not necessarily the optimatkageanymore
consideringhatthe outliers atthe lower bounaf NPV range incorporate a significant downside
risk for the chosen EEM+EFM mix. It may in suchase& well be possible that a better optimum

occurs at another budget level. This will be exgdbin the next Chapter
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Figure 5.2 NPV results of combined EEM and EFMunder uncertainty (refer to Figure 4.31
for reference)

NPV
$401,746 $713,936

5.0% 90.0%

Std Dev  $102,676.85
Values 500

© I Nev

& 1 Mini $350,746.68
2, @RISK C_ourse Version D o
g Georgia Institute of Technology Mean  $569,673.62
32

o

>

$350,000
$400,000
$450,000
$500,000
$550,000
$600,000
$650,000
$700,000
$750,000
$800,000

Figure 5.3 Distribution of the NPV at budget level 5
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The distribution of the NPV at the optimal investment in the deternunemtialysis
(occurring abbudget level 5) is shown Rigure5.3. It is notable that the distribution of NPV is a
bimodal distribution. This is caused the switching between rate schedule T@%3 and TOU
GS-2that occurs if certain specific conditions are satisffglintroduced in Chapter 4,ah SCE
cudgomerin therate schedule of TOWGS -3 reducs the peak demand below 200 kW, \w#i be

switchedto TOU-GS-2 rate, which has a higher energy rate but a much lower demand charge rate.

NPV

Inputs Ranked By Effect on Output Mean

Operational scenario uncertainty 1 $398,405.90 $719,183.66
cost of product $541,961.54- $597,826.12

U-value of Wall @ Rirgw1&46 ji%?fzzm
Georgia sty ORI olooy

Demand charge rate A $550,136.32-$595,730.49

U-value of window 1 $559,813.38 $605,180.02

Infiltration Rate

Baseline = $569,634.53

$600,000
$650,000
$700,000
$750,000

$350,000
$400,000
$450,000
$500,000
$550,000

NPV

Figure 5.4 SA basedranking of parameters
Figure5.4 ranks the significanceof each parameter in the resultiNgV distributionbased
on the change in the output mean treregession coefficienfThe topthreefactors that have the
most significant impact on thePV arethe operational scenarithe costof the product and U

value of the wall
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Figure 5.5 Office building peak day load profile (useFigure 4.93as referencé

ComparingFigure5.5 to Figure4.93 (indicated here as the red line) confirms that the peak
load will probably still occur atZ:00, although there is a small probability that the load at hour
18 is higher. Another interestimgsultthat can be deriveid that optimization package can reduce

the peak power below 200 kW wi@%% confidencg200 kW occurs at thé5 percentile).

5.2.2 Hospital Building UncertaintyPropagation

In this subsection, we analyze the uncertainties in NPVaattiprofile thehospitalbuilding
case 5Figure5.6 shows the results of NPV at different budget levels with the optimal EEM +
EFM. The result reveals thdtudget leel 5, acheving the maximum NPV in the deterministic
analysis, still shows the highest median value of NPV. Howevemadtisecessarily the optimal
investment. In fact, the EEM+EFM package at budget levels 2, 3, and 4 can give NPV close to

each other.

171



- 1 "l"'
2 L |
T
| | '
i | | | |
15} l : | | |
& : : [ ! .
z ! ‘ l
Z 1+ |
I
T =
05 |
[ | [
I | | |
R R
ot | -l ——— Baseline
L Median value
1 2 3 4 5

Budget level

Figure 5.6 NPV results of combined EEM and EFM with uncertainty (refer to Figure 4.62
for reference)

The distributionof the NPV at the optimal investment in the deterministic analysis (budget

level 5) is shown ifrigure5.7.
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Figure 5.7 Distribution of the NPV at budget level 5

172



Operational scenario uncertainty A
Productivity loss coefficient 2 A
Productivity loss coefficient 3 -

cost of product -
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Productivity loss coefficient 1 A
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Infiltration Rate 1
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Figure5.8 ranksthe significanceof each parameter in the resultiNgV distributionbased

on the change in the output mean #refegression coefficienThe top three factors that have the

most sigificant impact on the NP¥rethe operational scenariproductivity loss coefficientand

cost of products
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Figure 5.9 Hospital building peak day load profile (useFigure 4.94 as referencé
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ComparingFigure 5.9 to Figure 4.94 confirms that the peak load the optimization case
will probably still occur at 12 noon, although there is a small probability that the load at hour 17
is higher. Another interestinggsultthat can be derivers that optimization package can reduce

the peak power below 200 kW with 30% (200 kW occurs at the 30 percentile).

5.2.3 RetailBuilding UncertaintyPropagation

In this subsection, we analyze the uncertainties in NPV and load afitbe hospital
building at ratecase 5The distribution of the NPV at the optimal investment in the deterministic
analysis (budget level 5) is showrFAigure5.10. The long tail ® negativevalues oNPV is caused
by theproductivity loss uncertaintyhichis confirmed inFigure5.11, the result of which shows
that theproductivity losganks he top factor that hassignificant impact on NP\Due to its heavy
impactin this case which includes DR among the optimal ERM split the analysis into two
parts.The analysis in thiollowing part will exclude the productivity loss uncertaintye wil use

the same productivity loss formula as in the deterministic analysis
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Figure 5.10 Distribution of the NPV at budget level 5
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NPV

Inputs Ranked By Effect on Output Mean
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Figure 5.11 SA basedranking of parameters
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Figure 5.12 Distribution of the NPV

The distribution of the NPV at the optimal investment in the deterministic analysis (budget
level 5) is shown ifrigure5.12. Excluding the uncertainty of the productivity loss, wi# seea

much shorter tail on tHewer values of th&lPV distribution.
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Figure 5.13 SA basedranking of parameters

Figureb.13ranks the significance of each parameter in the resulting NPV distribution based
on the change in the quit mean and the regression coefficient. The top three factors that have the
most significant impact on the NPV are the operational scerthea;ost ofthe product, and

demand charge rate.

Figure 5.14 Office building peak day load profile (useFigure 4.92 as reference)
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