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Abstract

Distributed Green Data Centrd®GDC) are micro-data centre collocated withenewable energy
generation source Multiple DGDCs are networked togetheto shae information andcomputing
processedn this thesis, gearlong DGDCsimulation balances the computidgmandandsupplyeach
hour with variablerenewable energproductionand electricity price A five-year Net Present Value
(NPV) analysis determines tloptimal energy system with the lowest lifetime castc@mputing(LCC),
equal to the net present value divided by the amount of electricity used for computingCCHairly

compares alternative energy systems byathikity to providelowest costomputing.

Grid-isolated DGDCs with 100kVif solar panels hee an optimal computingapacityof 20kwW and a20
hour battery capacityVhenthe optimalgrid-isolated DGDC is connected to thibacaelectricitygrid the
batterystorage is 10 houend theLCC is $10/MWh lessThe NYSERDA Solar PV Prograrapplied to a
grid-tied DGDCreduces thganelcost by$76806 and reduces tHeaCC by 8.5%.Grid-tied DGDCsin

Ontarioare notfeasible due to thhigh Feedin-Tariff incentiveto sell electricity.

A grid-isolated DGDCis optimal in Ithacawhen the cost of transmissioninfrastructure upgrades are
greaterthan $8291or when thevalue of ageneratedRenewable Energy Credi{fREC) are higherthan
$38MWh. Both onr and offgrid DGDCs usesqual amount oEnergy for computindgut a grid-tied
DGDC is able to sell 8% of electricity froma 100kW solar system with only 10kW of transmission

capacity.

Grid-tied DGDCs are active market participantssponéhg to electricity price signalsDGDCsbuy low-
costelectricity and selelectricitywhenprices are highOn averagetie cost of rergy used by the DGDC
is $19/MWh less than grid electricitypGDCs provide a reliable source of computifay high-priority
applicationssuch awideo streaming as well adow-cost option for time independetaisks such as batch

processe®r cloud storage.
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Chapter 1. Introduction

1.1. Distributed Generation and Computing

Demand forelectricity has increased due to the continuing growth of information technology and
computing Reliance on fossil fuel thermglenerationcontributes tothe prodution of pollutants and
greenhouse gasel.is argued thatanewable energy can powmformation technologyand mitigate
transmission constraintsy collocating renewable energy witinodular datacentres Furthermore, he
geographically distributed nature of renewableergyis similar to the distributed nature of cloud

computing.

A surge in renewable energgvelopmentaind the growth of information technologyesentsa synergy

for these two industries. Information technology is utilized in all aspects of soicielyding medical
diagnostics communication, andocialmedia Personal interactions with computers have shifted from a
local personal competto a mobileand connected experience in a cloud environniegtead of owning
and controlling computing resources in a single location, users coitaie, access, and interact from
virtually any location. Computing resources and informastoragethat is widely digributed can be

accesedby users on demand.

The Distrbuted Grer Data Centre (DGDC) is a micdata centre ctocated witha renewable energy
source.Generatecklectricity is usedn location therebyeliminating theneed forelectricaltransmission
infrastructurego connecto large data cengs. Many DGDC are connected together to form a network of
micro-data centreghat work together to ensure information and computing resources are available
somewhere at any timé.ower cost data transmission infrastture replaces the need for electricity

transmissionnvestmens [1].



This thesis presents a method d#termining the economic value of DGD@s specific geographic
locations. The modelconsidersboth gridtied and gridisolated DGDC energy systentisat embrace
renewable energyariability, electricity market desigas well astenewable energy policieShe outputs
can beused tocompare geographic locatioasd electricity jurisdictionsIn addition, the modetan be

used to optimie the high level design &fGDC energy system components.

The modelenablesdesign and analysis of many possible DGDC arrangements:isGlided DGDC
energy systems can be optimized based oavh#ablelocal renewable generati@ourcesl|f the DGDC

is located near a transmission resource,eit@nomic valueof connecting to the electrical grid can be
assessed.ocation specific electricity policies, pricing schemes, and regulatory constraints are included in

the analysis to understand treueof agrid-tied DGDC withrenewablegeneration

1.2. Information Technology Growth

Information technology and communication (ITC) has changed the way humans communicate, share
information, view medigand stay connected. Tiheimber ofconnected devicdsasgrown exponentially
since the development of the internet in the 1970s. Cisco, a leader in networking equipment and
operation, estimates there wile 50 billion connected devicdy 2020[2]. The growth in connected
devicesis fuelling growth in the interneand communicatigrnwhich is predicted talouble in size every

5.32 yearg3].

Enabling this growth requires investmeimdTC systems. Energy conswd by ITC has also increased
drastically.In 2006an estimated..5% of electricity generated in the United Statesused to pwer IT
equipment and dateentres. This represents 61 billion kWAvith an estimated cost of $4.5 billida].
Energy efficiencymeasures reduce the energy demand of deéres but electricity consumptiowill

continueto increase.



Electricity usedoy compuersin data centres represents oalpart of the totalelectricity consumedA
significant portion of the energy consehis used to remove heatoin the data centre and ensure the
computing resources remaiwithin the design temperature limit@ddditional electricity used for
convertingdinverting and conditioningelectrical power. AC electricity is converted to DC for the
uninterruptable power supply (UPS) and battery systene DC electricity is then rectified to ACfor
distribuion to the computerg-inally it is convated back to DC by the computpower supply Each
conversion/inversion usedectricity and generates hedtie to inefficiencies. Overhead energy uses such

as lighting and security systems also contributéedotal electricity consumed

Data centrgoerformanceametricsaredeveloped and published by the Green @ijd TheGreen Gid is a
consortium b data centreperatorand informatiortechnologyprofessioals dedicated to improving dat
centre efficiency. The metriegarding energy &sis the PowerUsage Effectiveness (PUBUE is a
measure of the amount of elécilly required tooperatea data centre compared to the actual amount used
for computing(1.1).
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where;

PUE is the Power Usage Effectiveness,

Total Facility Power including computing, cooling, power conditioning, and overhead, and

IT Equipment Power is energy used by the servers, switched and operator workstations.
A PUE of 2 indicats that for each kWh used by the computer, another kWh is used to support the
computing. Data centrewners use the metrics to compare performance to similar data centres and
determine if upgrades are necesgaiyA study of 22 data centres indicated that most data centre PUE is

betweer to 3, but with proper desigmdat centre can achieve PUbse to 16].

Many efforts are currentlybeing pursued to increase data ceefifeciency. For instance ltanges to the
power delivery systems reduce the power los®sn conversiongnversionbetweenAC and DC power

[7]. Computational fluid dynamics modeling of data centrgghlights the importance aferverroom



layout to maximize server cooling efficienf8]. Changes to the design tfe serves themselvesllows
for high efficiency direct water coolinff]. Radical changes to design and awareness of the energy
efficiency of both the hardware and software environmenteviéintuallydecrease energy consumption

of data centregl0].

Server virtualizatiorbalancecomputingloads across many servers eliminating data centre hot apadts
increasing cooling efficiency Collocation facilities host IT equipment forsmall companiesor
organkation to in a common facilityhich shares cooling and power infrastructure. Cloud computing
moves data storage and computationadcpssing away from individual personal computersdata

centreghat arfocusedo ensureeliable access to information.

Regardless of energy efficienayitiatives, asource oflectrical powels required.Grespeace examined
the power source for data centres of 9 large intermapaaies Figure1.1). The 2011 report foundthat

over half of the surveyed data centres relied on coal to supply the majority of theif pbjwer

100%
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0% -

¥ Other M Coal EClean Energy
Figurel.1i Data centre power sources for 9 large internet compfifi¢s

Subsequently 2012 areport examined an additional 5 internet compafiigs Sincethese reportsome
internet companiekavestated to take actioon mitigatingcoaluse SalesForce, a cloud based company
made a commitment to increase efficiency amtease the amounénewable energysed in their data
centreqd13]. Additionally Facebook announcechaw data centreo bedeveloped in Sweden poveetby

hydrcelectricity and utilizingree coolingfor 8 months of the yedi 4].



Power availability and quality for a data centiefluence the choice dbcation.Data centraeliability is
benchmarkedbyt he Upti me I nstituteds data c dhmeyassesshei t e i n
ability of a data centréo maintain long term operational functionality indicate the reliability and

redundancy of the datente infrastructurd15]. The higher the Tier, the greater uptime a data centre will

have(Tablel.1).
A No redundant components
b Basic Site A Site is shut down for service and maintereanc
-E Infrastructure A Planned and unplanned events can disrupt service
A Site is susceptible to operational error
A Critical components have redundant capacity
Y | Redundant Site A Maintenance on critical infrastructure wdlisrupt service
-E Infrastructure A Planned and unplanned events can disrupt service
A Site is susceptible to operational error
Concurrently A Critical components have redundant capacity
s Maintainable A Site can be serviceavithout a disruption in service
-E Site A Planned and unplanned events can disrupt service
Infrastructure A Site is protected against operation errors
Fault Tolerant A Fully functional redundant system of critical components.
N Site A Site can beserviced without a disruption in service
-E Infrastructure A Site is fault tolerant from planned or unplanned events
A Site is protected against operational errors

Tablel.1i Data centre infrastructure reliabilibased on The Uptime Institutating systenj15].
Even he highest levels of reliabilitand functionalitydo not protect against the possibility of local or
regional disasterfl5]. Data centres must proteciagainst the risk of large scatatural and mamade
disasterg16]. Some &ctors considered wheiiisg a new data centre include:

Secure against targeted attacks

Secure aginst natural disastere.g. arthquales flooding tornadoshurricanessnow, wildfire)
Local climate and ata centre cooling

Availability of a hgh speed communicatioretwork.

PwnNPE

Current data centrefficiency initiatives reduce but do not eliminate the need for electrical power. Using

renewable energy is the next step th greefiing inférmation technologyRenewable energgduces



the production of greenhouse gases laalds an increased riskrom generationintermittency and
variability. The reliability and redundancy regementsfor data centre operation must be considered

when using renewable energy power sources.

1.3. Renewable Energy Growth

Renewablesnergy growth is being driven by the need foreanissiongeducedsource of energysince
2000energy derived fromvind and solar has grown by 27% and 42% per year on avgrdgdén 2011,
19% of the world energy demand was sumpfimm renewable energy sourcéd/orldwide enewable

energy incentives in 2011 were worth $88 billion dollars, a 24% increase fronj12qQ10

In Ontario, renewable energy installations are expected to reach 6,800MW hya2iditisan increase
of 3,200 MWsince 2010The ecentgrowthin renewabless driven by theOntario Feedn Tariff (FIT)
program as part of thentarioGreen Energy and Green Economy Atte Ontario FlTincentiveis a 20
year contract to purchase electricity at a fixed fiaian renewablegeneratiorsourceq18]. FIT programs
provide stability for investors that will provide the financial capital for renewable generation
developmentAs the renewable energgfrastructure developand marketshangestheincentives for
newFIT contractsareadjusted to reflect theew costg§19]. The Ontario FIT incentive has been adjusted

4 times since the beginning of the program in 2{209.

Renewable energy growth in New Yohias beenargely focused on the developmenthyfdro power,

solar and wind generation technologies. Renewable energy aeddon26 o f New Yor koés
productionin 2012 and in 2013 there w876 MW of installed renewable generatif2l]. Renewable
energyhas the potential to provide 40% Nfe w Y or k6 s e rbye 2080y22]. dreanyawnd s

energy productiohas increased from 112 GWh in 2(043,060 GWh in 201{23].

TheNew York renewable energy sectws been driven by the Renewable Portfolio Stan@RRE) The

standardnandateshat30% of electricity will be generated from renewable energy solg&915[24].



This is accomplishd by collecting a fee from customets fund incentives for renewable energy
developmentDepending on the programmdentives for renewable energy projecs offset the capital

costsof new installation®r are paidor eachkWh of renewableenergy generatd@5].

Renewable Energy Credits (RECs) anetherrenewable energy incenti®mmonin the UnitedStates.
Generatorsare creditedh REC for each MWh of renewable energy produeddch arebought and sold

ona RECmalket In some States, utilities are able to purchase RECs to fulfil the state RPS requirements.
The requirements for REC qualification varies greatly between statdheasdurce ofenewable energy

[26].

The distribdgion of renewable energy resources @ftengeographically separated fraimelocation of the
consuners In general theadar and wind energy potential in Canada and the United Staggeatest in
the western half of theontinent The southwest statefiavethe highestsolar energy potential ikUnited
States The US mid-west and theCanadianprairies have a large wind potentiabs well as nealarge

bodies of wate(Figures 1.2)
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Figurel.21 Solar and Wwnd energy potential i€anada anthe United States.
A map of nighttime light sources from settlements in North America approximates the distribution of
populations and load centreBSidure 1.3). Many of North Americansettlements aréocatedon the east
and west cast of the continentwhich are removedrom renewable energy logahs. New renewable
generation developments ofteequire upgrades tthe transmission systeto connect the load centres.
Because ofhe intermittent nature ajenerationthe transmissiointerconnections can henderutilized

during nonpeak generatioperiodsand highly congested during peak periods



Figure1.371 Light emission from hmansettlemnts in North Americg1].
In New York, three transmissigorojects have increased the capacity in the New York City and Long
Island control zone§32]. Additionally, transmission upgrades in Central, Northern and Western New
York are planned as part dig New York Energy Highway Blgpeint to promote investment in New

Y o r k 6 $echre¢cogomy33].

Recent upgrades in Ontario have increasedtrdmsmission capacity tdoronto from Bruce County.
Renewable energy developmehtsveincreasd thegeneration capacity of the region fron@ &W to 7.3

GW in 2012.There is potential for another 1 GW of renewable energy development in the[Bion

Reasonsfor transmission and distribution system upgradee reliability issues, economis, and
generation interconnection. Reliability upgrades strengthen the resiliency of the electricity grid to
accommodat@ew generation. Economic upgrades reduce the cost of elecklaitinating transmission
constraints for low cost gemators.Interconnection upgrades connect remote generation sources to the
electrical grid Reliability and interconnectionpgradesare themost commorreasonfor transmission

expansion in the NERC regipwhichincludes Ontario and New Yorkigurel1.4) [35].
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Figurel.41 Reasons for transmission upgrades in NERC reliability region.
Renewable energy souscare often located far from the load centres and haeemittent generation
profiles. A reliable and resilient transmission systemill require upgradeto connectrenewable
generationTransmissionnvestmentsan bereducedoy moving theenergy consumeit® the location of
the generation. The Distributed Green Data Centre (DGDC) concept proposes tcdogattingloads

adjacent to generation facilitiemdmitigate the need for transmission upgrades.

1.4. TheDistributed Green Data Centre Concept

A demand for green computing and a shift towards distributed electricity gendrasimspired anovel

green data centreoncept The distributed green datentre (DGDC) concept, proposes to collocate
smallscale data centres with distributed electricity generation souftes.smaliscale performance
optimized dataentres (PODs) use electricity generated from the renewable energy to provide computing
services.Multiple PODsare connectedogetherforming anetwork of micro-data centresComputing

taskscan beshiftedto the locatiorwhereelectricity is being generated or is least expensive.

The Distributed Green Dataentre(DGDC) concept is beingesearchetly a tean at Clarkson University
in Potsdam, New YorkThe project is funded by New York State Energy Research and Development
Agency (NYSERDA) through NYSERDA PON 1772. The team receives support from project partners

Advanced Micro Devices (AMD) and Hewle®ackad Corporation (HP)36].
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A DGDC is a selcontained computing system capableaafonomously initiatingprocessing data and
shutting dowrwith signals froma centrakontrol location The systenincludeselectrical, computingand
communication equipmethat areused tooperate the DGDQOnce a DGDC is installed, it is controlled

from a central location and minimal direct maintenascequired.

PODs are prefabricated, modular data centres that cah®iDGDCcomputing resurcesas well aghe
required electrical and coolingsystems. PODsange in sizeand can bescaled to match thpower
resources availabl€2ODs coolingand powersystemsare energy efficient, with a PUE in the range of
1.05 to 1.3(37]. A key benefit ofthe POD model is the ability tguickly deploy and install computing
resourcesThe constructionime for prefabricated?ODsis much loweltthan traditional brick and mortar

datacentres. In addition, modulaPODs can be relocad to the renewable generation source.

DGDCs collocated with wind energy in New York can facilitate the ldgweent of renewable energy in
northern and wstern New YorkDatacentres inload centres such &ew York City and Long Island can
be relocated toenewable energy generatiaa PODsThe DGDCnetworkprovides anenvironmentally

sustainable computingptionwith a low carbon footprint.

The DGDC conceptuses both intermittent and dispatchabienewable energy souceln addition
DGDCGs can connectto the electrical grid asa primary sourceor abackup sourceBatteriescan store
excess electricity aneixtend the uptime of DGDC. Regardless of the energy ss)@w@meenergystorage
is required to ensureonsistenpower quality and allow the POD thg down properlywhen power is

lost.

Communication and network connectivity are critical for remotely operated DGBGEicient
communication bandwidtito the DGDC network central controller is needed. When power igHest
DGDC workload must be migratieto another location to maintain uptime for the u3ére DGDG
network isconrected via fiber opticswhich arecapable of high banavidth communication If the

electricity ata DGDC site is insufficiento meet demandhenprocessewvill be sent to another location.

11



A DGDC energy system must have enough bandwidth and energy storage is available to maintain

operation andelocatethe current process

1.5. DGDC Potential Benefits

A DGDC networkfacilitates theintelligent use of power depending on the locatost of electricity.
Market basedncentivessuch as demand response programs can provide signals to DGDC operators
migrate computing and reduce demand on the local 4ridudy on a distribied network of data centres
which allocaed computeruse based on electricity priaehievedenergy savings in the range of 3@%o

[38]. Hourly electricity prices were used to capture the cheumgelectricity prices while still staying

within the limitations imposg by therouting equipment.

Renewable energy sources locatedsémny remote location far from existingansmission lines areot
economicallyfeasible due to the high cost of transmissitfinastructure Renewable energy generators
that are sited clog® existing infrastructure can also face high interconnection costs if the transmission or
distribution grid is not resilient enough to handle the increase in generation capamwtipcated DGDC

can utilize a portion of the generated electricity whii# providing electricity to the local grid. This
approach could als@rovide load balancing servicda a micragrid application with renewable

generation

The mobile nature oDGDCs can offer a solutiontbhe fichi cken andbetwvapy 06 pr ot
rerewable deglopment and transmissiapgradesin order to develop aew renewablesnergy source
the transmissionnfrastructureneed to bebuilt first. As a resul the renewable energyojects areften
delayed by theolanning, permitting and constrimb of transmissioriines Renewablesnergyprojects
take 23 years to develop whereas a large scale transmission project can take up to §88gdadeng

the intervening years, renewable projects could be developed with coll@sazdsto use the generated

12



electricity. Once the transmission upgrades are completed)@MZCs are removed anthe generated

electricityis sold to thegrid.

Data centreslistributedacross a large geographic area provide an additional levekitiEncyfor ITC
services. Localized natural disasters would have a minor impact on the overall performaneellof
designedDGDC network. In additionredundantcopies of critial informationcan easily b kept in

multiple locations.

Grid-tied DGDCs have the option of participating in the loaakectricity market pricing schemes and
renewable energy incentissed DGDC can minimize the generation peaks from renewable energy while
still selling a portion of the generated electricity to the ghidGDC with a largecomputing andtorage
resourcemaximizes the use of low cost energy but increase the capital cost of the gystesthod to

assesthe economic feasibility of BGDC energy system desigisdevelopedn this thesis.

1.6. Thesis Objective

DGDCs canprovide a sustainableour ce of computing t o mAlkoflistict he
approach to stainabilityrespects the need for environmental protection widentainingeconomic
feasibility and social responsibilitfWhen considering the design of the DGDC all aspects and impacts of

the operation must be considered to find a truly sustainable system.
From the broad overview provided above, the objective sftti@sigs to;

Develop a method to validate and compare energy system designs for distributed green data
centres while considering the design implicati@f renewable energy production, electricity

marketeconomics and data centtemputingdemands.

To meet the above objectivegeneralmodelis developedo analyze the performance of DGDCs émy

location. At each locatiothere isan opimal set of system componerits match the renewable energy

13



availability and the regulatory constraints. The optiR@DC energy system is defined as the system that
provides the mostelectricity for computing at the lowedifetime cost taking into account capital

equipmentost,operating expenses and reveifiaen selling electrical energy.

Revenue from computing séces depends on the type of servibat is offered. For example, data
storageis billed on a $/GB/month, website hosting chargased on upload/download traffic, and high
performance computing agk8vh of electricity consumed. In a DGD@etwork the revenuat one

location is dependent on the price of electricity at all other locations.

Instead of defininga valuefor computingservices this thesis minimizes the cost of computing services
for one location. This is analogous to the apptoacsedby MohseniarRad in [40] on demaneside
management in a smart grid application. Bhaedyfound that a global minimum in power costs can be
achieved when each consumer optimizes their individual energy consumption badeddoand
electricity price Another study by MohseniaRad and LeoiGGarcia [41] optimized a network of

independently optimizedata centres based on electricity costsbon footprinand information latency

1.7. ThesisOrganization

Chapter 2 includes a review of energy systeadellinganddefinestherequirements for ®GDC model.
Additional information about inputs and methods are discussed to provide a basis of design for the model.
Chapter 3 describes themulation of a DGDCfor one yea and Chapter 4, builds on the results to
perform alifetime cash flonanalysis. Chapter itroduces the DGDC case studirKingston, Ontario

and Ithaca, New York. The Ontario case study in Chapter 6 shows how the canda$sists DGDC
desiqners by comparingnvestments in battery storage, transmissiofrastructureand computing
resources. The Ithaca case study in Chapter 7 comparetedrahd -isolated DGDG with renewable

energy incentivesChapter 8verifies the performance of the ey system model and discusses the

ramificationsof collocated DGDCs.
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Chapter 2. DGDC Energy System

2.1. Energy SystemModeling

Energy systemmodels areused in many applications fromigh level national policy planning to
designingcomponents foenergy system The D@C concept is an integrated system composing of
renewableznergy, computing demands, electricity econonaosienergypolicies.The goal of the model

is to understand the characteristicsaadDGDC energyystem and provideptions topolicymakersand

energy systerdesigners

Lund [42] highlights the important of choice awareness in energy system desigiee @aireness is a
concept where decision makemshether it is a national energy policy or energy systelsign are
provided withall of the rel@ant information required to maken informeddecision[42]. Without a full
picture of all the available alternatives, the desigiiarices ardiased.Energysystem modelprovide

choice awareness designalternativedor decision makers.

Lund providesbasic criteria forenergy systenmodels[42]. The criteria are applied the DGDC energy

system model:

A model should make fair comparative analysis of all possiblensystée DGDC model is designed in
such a way that multiple energy systesignsor electricity marketstructurescan be compared.he

output of the model provides a lifetime cost of computasngompare energy systems

A model should at focus onhe exising institutional setup. The DGDC system isa unique concept
outside of the existing data centre environment. Interaction with the electricity markets can range from a

simple fixed contract rate to demand response based on price signals fedecthety market.
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The outputs of thmodel need to provide suitable information for decision maKérs.model is designed
to optimize the computing resources &ospecific geographical location and renewable energy sdarce.
addition to the lifetime @st of computingother simulationoutpus such agransmission utilization and

energy storagasageprovide designers with insight into DGDC operation

A model should be allows users to identify and design alternative fultredDGDC model allows all

generation typess well as current arfd/pothetical electricity market participation programs

Lund makes a distinction in energy system models based on the type of renewajyl@lateeused in the
analysis[42]. Data aggregatkinto yearly or monthly averages is useful for assessnatrasnational
level with a small share of the total eledtsiogeneration marketAggregateddata is easier to compute
document and communi@athan hourly generation dataourly generation dataccurately represents the
variable and intermittent nature of renewable enefidys level of accuracy is required femergy

systemghat contairrenewable generation asnain energy source such as a DGDC.

The HOMER Micropower Optimization Modaleveloped by the U.S. National Renewable Energy
Laboratory (NREL) fis the criteria of an appropriate model for a DGDC energy sy$tdh The
HOMER modelis used fotthe design of micrgpower energy systems withultiple electical generation
and storage technologi@s both grid-tied and-isolatedarrangements. HOMER performs a lifetime cash
flow analysis of an energy systehatallows designers to compare many different systemfigurations

Financial, environmenand techital outputs are calculatddr designers to make informed decisions.

In the initial stage of this resear¢he HOMER model watestedas a possiblenodelling program for the
DGDC energy system. Ultimately, the modehs not feasiblelue to an incompatibility between the
energy loads of a DGDC and the HOMER model inputs. In the HOMER model, the expected electrical
load of the energy system dsrequiredinput for the simulation. Wherease¢ DGDC energy loads at a

specific locatioraredependent on the cost afailableelectricity across the entiRGDC network.
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For example, ii DGDC network consiet of two solar powered locations, where one is sunny and one is
cloudy, the DGDC in the sunnier location will have the cheapest energy available acmmylitemore

than the cloudy locationThis is further complicated for DGDC energy systems that araembed to
electrical gridwhere the price of grid electricity alsmpactsthe amount of computing completed. The
HOMER model does not provide a methoddefineloads based on the current cost of electrjaitisich

is requiredfor a DGDC network applicain.

Even though the HOMER model was not utilizegidance was taken from it to develtpe DGDC
model. The HOMER model isdivided betweera one year energy systesimulation and the optimization
of multiple energy system$lOMER uses hourly data to penfiora simulationon the flow of energy
through the systencomponents The HOMER optimization compares energy systems based the
lifetime cost of the system including all of the installation, operaton end of life costdhese concepts

have been adapt¢o develop a model faDGDC energy system.

2.2. DGDC Systens Model

The DGDC energy system modelsingleDGDC locationwithout directly considering the implications
of the larger DGDC network. Similar the study in[40] on energy consumption of households in smart
grid application, optimizing energy use fan individual DGDC will provide the most efficienDGDC
network.Individual DGDC that operate with thewestlifetime cost provide an overall network with the

lowestcost.
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The energy systerframework consiss of four basic components: generationsource, a computing
resourcean energy storage devicand connection theslectricity grid (Figure 2.1). The powerflows
between the componentsufnbes 1 through 6) are trackeduring the hourly simulationThis enegy
system is simplified and does not include many of the other components required for an actual DGDC.
The purpose of this simplified model is determinethe general sizing of main DGDC components.
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Figure2.11 DGDC energy system components and power flows.
Not all components of the DGDC need to be inctlitleeach energy systeriRor example a gridsolated
DGDC would not have an electricity grid componeAt.DGDC can get electricity froneither the
renewable energwpourceor the existing electrical grid or bothrigure 2.2 illustrates the possible

configuratiors of grid-tied and-isolatedDGDC energysystens.

)ﬂf (A) Grid-isolated

A
e BF P
(B) Oversized ﬁ /f g )ﬂf (C) Undersized

Generation;\‘m oece Y o } Generation
j ‘ "~ '~ Network :‘ 7L/\

\73\ —xd ‘

N
/ " (D) No Generation
/ L/ //%

(

\g F

figid

Figure2.2i Possible D®C energysystem con‘figljrations for grid tied and grid isolated systems.
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A grid-isolated DGDC will be powered exclusively from the renewable energy source. The relative size
of the computing resource compared to the renewable generation size is chosen througgtioptioh
computing, battery and generatisaquirements A grid connected DGDC can have three possible
configuratiors when used with aenewable energgource An oversize renewable energy source will sell
excess generated electricitp the electrical grid. Anundersizedgeneration sourcewill purchase
electricity from the electrical gridor somecomputing. A DGDC without a renewable generation source

will dependexclusively on electrical gridnd represents the current state of datéres.

2.3. Computer Energy Loads

Computing demands data centreare dependent on tlagplications and processesingthe computing
resource. Ideally, data centeeoperate at 100% capacity at all times maximize the use of the
computihg resourceslin redity, data centres are designed for specific purposes and as a result the data

centre experiensdimesof reduced energgemand

For examplethe Toronto Internet Exchangedsargeinternet exchangeentreredirectinginternet traffic
for Toronto, Ontap and the surroundin@rea The traffic handled by the data cent@eates a
computational demandnd electricity load. The traffic over the course of a wed&kgure 2.3) is

intermittent with peaks traffic during the evening arnldws early in the morning44].

2014-11-02 Week

o 120 G A fal '\

M EE S mE T s
y By £ 4 g8 b a8 4«
- W 1 & &
i VL WA WA VAR VAV AV AmL Y

sun Men Tue wed Thu Fri sat sun
Minimum A Maximum Current

0.000 /s H Midnight / 00:00 to G0:05

M Outgoing 0.000 /s B3 686 G/s 132.990 Gfs 0.000 /s [ First 300 secon ds |

Figure2.31 Internet traffic at the Toronto Internet Exchaijgs].

Another example o&nintermittentcomputing demand a servehosting data foa large corporation or

organization Thenumber of users that are accessingitiiermation affects demands on a servine
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energy consumption faBotterd | Hal | Oniversippcangus@igure 2.4) mimics server use
during awork week[45]. The loadwithin the building peaks daily at noon buwith lower energy

demands during the weekend.
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Figure2.41 Electricity demandof Botterel Hal | dniversity @Gampuls).
In contrastto theintermittent demands of thEoronto Internet Exchangand Botterell Hall, some data
centres have a&onstantpower usage profile. fle High Performance Computing Virtual Laboratory
(HPCVL) in Kingstonis a data centraised fora broad spectrum of computing applications, including
fluid dynamicmodeling, medical imagingand databaspurposed46]. Processes completed at HPCVL
have job lengths thatary fromminutes to months. 5% of processes are completed in less than 5 minutes,
75% take between 1 hour and 1 day, and 20% take months to copglet€omputational loads at
HPCVL are scheduled to ensure that the energy demandsiaaee consistent over daily and annual
timeframes Figure2.5).
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Figure2.51 Daily energy deman(left) and annual energyonsumptior(right) paof HPCVL.
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As shown by thesdhree exampledhe design of the energy systenmust consider theexpected
computational load profileg\n intermittentrenewable source @lectricitywould beunable to provide a

reliablesource of powebut mayalign wellwith the variableeomputing demand profiles

2.4. Energy Resources

The energy soursefor the DGDC computing loadsare from one of three sourcesither renewable
generation, the electrical gridr the energy storag#evice. When electricity is generated it can be used
eitherfor computing stored in the battergr it can be soldlt is assumeelectricalpower can lvays be
boughtor sold tothe gridbut the price of electricitynmay be variable depending on the contract with the
local utility. Stored energy caonly be used for computing to reduce the aafstomputing or it can be

deployed taeact to thentermittencyin generation

Intermittent enewable energy source such asrsoidy generates electriciguringthe day(Figure2.6).
Averaged over a yeaorpower will begeneratedby solar energyor 12 hours each daydditionally if it
is cloudy or if the panels areovered withsnow the productiorwill be significantly reducedin the
winter less energy is produced from a bank of solar panels giragays get shorter atlae sunis closer

to thehorizon
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Figure2.61 8 days (above) and monthly (belosglar generatioputput variation
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Wind energy generation is also variable, but lesglic than solasince windmay be encounterdabth
day and night Wind energy issusceptible to weather systems gmwdduction may be constant for
multiple days or maynot be producedor days.The variability of wind generation is lepsedictablehan

the daily cycle of solar enerd¥igure 2.7). Over the year there is an increased amount of wind energy

production during spring and falue tounsettled weather
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Figure2.71 16 days (above) and monthly (below)nd generation output variation.

The yearly variations in solar and wind generation can complement each other if multiple DGDC are
networked together.During the summemhen wind productionis lowest the solar generatiois
maximizel. In the winterwind energy production increasegen solamproductionis reduced A DGDC

network with a diverse set of renewable energy soumesld beable to cope with theariationsin

renewable energgeneration

DGDCs connected to thelectricity grid, havethe opportunity to purchasmdsell electricity.Depending
on local electricity market policies, a gritled DGDChas the opportunity to become an active market
participant. A fundamental concept of the DGDC is the ability to quishlit loads to other DGDC to

use energy when and where it is availableis capability could bexpandedo enableparticipation in

market programs such as demand responkmad shedding.

A basic formof DGDC market participation is pricing arbitragpetweenmultiple electricity markets. In

New York, the price of electricityis varied basedon transmission zoneknown as locational based
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marginal pricing (LBMP)LBMP is a combination of the marginal price of electricity, marginal cost of

losses, and mgmal cost of congestionFor example the price of electricity ibhong Island is

$30.09/MWh whereathe pricein the Central Region near Ithaca is $26.90/M{¥tgure 2.8) [47]. If

DGDC are located itboth locations, the DGDC operataan dispatchthe computing loadrom Long

Island to the Central Region.
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Figure2.81 LBMP of electricity in New York Statp47].

The grid price of electricitys adjustedtonstatly in response to changes in demand and generadiar.

5-days in 2012, the grid price of electricity in New York Central transmission fhacteatedbetween

$6.29/MWh to $81.2MWh (Figure 2.9). A grid-tied DGDC with energy storageould be able to

schedule the computing load and battery cyclesarimize use oow cost electricity
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Figure2.91 Price of electricity in the New York Central region over 5 days in 2012.

Electricity pricein Figure2.9 mayappear to be random over the courkthe day, but in reality the price

of electricity can be forecaste&lectricity I1SOsforecastdays, hours and minutezheadto ensure
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electricity supplyanddemands balancedThe price of elecicity over the course of a day usuafigaks

around 5:00pnand is lowest at 4:00arfrigure2.10 a&b).
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Figure2.10a & bi Daily average electricty price in New York (left) and Ontario (right) for

2012.
A DGDC as amarketparticipantrespond to high price by moving computing loadand reducing the
overall demand for electricity. Wother approactior the ISOto balance syply and demandis to pay
customerdo reduce thie energyconsumptiorwith demand response programs. In New York, energy
usersbid the amount of load reduction either in a day ahead or aimealmarket[48]. In Ontarig
participantswith predictable energy demand proéilare called upon to reduce their loads during peak

periods[49] [50]. The load shifting capabilities of DGDCallows a gridtied systemto partidpate in

demand response program

Eachcomponenibf a DGDC:the computing, the renewabdmergygenerationand theelectricity grid,
present variable amounts of demand and resouhsesome cases thenewableenergy generation,
computing demand angtid electricity prices are correlateldor example, aar energy and the price of
electricity arepositively correlated, wherkigh solar generatiorcorresponds to higher energy prices

(Figure2.11).
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Figure2.117 The grid price of electricity compared to the amount of electricity generation form
solar panels.

The correlabn is not a cause and effect relationship, but radblo#n the electricityprice and generation

have similar variationsThe price of electricity is typically highest during the day, which corresponds to
maximumsolar generidon. Furthermore, the solar generation is highest during the summer months, when
solar irradianceis high. The high summer temperatures cause an increase in the amount of air

conditioning required to cool building.

The price of electricity is negativelyooelated to the amount of wind generatiéior wind farms in

Ontariothe lowest electricity price corresponds the maximum generggigare2.12).
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Figure2.127 The grid price for electricity compared to the amount of electricity generation frorr
wind turbines.

Wind farms are often larger than solar farms and can contribute a significant mdrétactrical grid
generation When wind generation is maximized less electricity from other sources is generated or
imported to match demantl too much windenergyis produced and there is an excess of electribiy

local price decrease

A model withyearly aggregatediataor a Monte Carlo simulation with randomly generated values for

renewable energy productions, electricity price, and computing demand does not represent system
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relationshipsThe DGDC model will require hourly simulatiatata from ral locations This will ensure

both the variabilityandcorrelationsbetween systems componeisttaken into account.

2.5. Model Assumptions andDesign Goals

The modelpresented in this thestémulates the operation of a simplified DGDC energy system over th
course of a year. The energy systemstsis of & electricity generatiosource, an energy storage device,
a computing load, and a connection to the electrical deikch hour theenergy flows between
components areimulated and the real cost of théofvs are calculatedlhe total amount of electricity
used for computing antthe operatingcosts are used in a fiwearcash flowanalysis to determine threet

presentvalueof a DGDC.

The model assumes the DGDC interactions with the electrical grid are smalloamut affects the
electricity marketThe price of electricityis not adjusted toeflect theimpacs of the DGDCbuying and

selling of electricity.

The cost of connection the dataransmissiometwork is not includetifetime cash flow analysisSince
all DGDC systens will require a connection to the network, thapital cost of installing the require
infrastructure will be similar for any size of computing. This meansctst of data transmission

connectiorhas minimal impact on the optimaésignof DGDC energy systesn

The conversionandinversionof electricity between AC and DC power is ignortids assumed thahe
electricity from the grid or the generati@man be used to charge the battery or power the computing

resource withouthe needo condition to electricity.

The energy model is simulated for an entire year inljiogncrementsThe model is assumed to be gha

steady state, where the hdang time stepsre assumed to be steady state. Duringethie®e periods, the
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generation output, angower flow remain constanbetweencomponents This permits the small

variations in generation or demand to be ignored in the simulation.

The design goal of the DGDC egg system is to minimize the cost of computatgach location. This
represents thesattime operatingproceduresvhere computing loadsre scheduled athe locationwith
the lowest cost computinghe hourly simulation mimgthe goalsof a DGDC operair with high and
low electricity priceand with high and low generatiomgble2.1). TheDGDC selk electricity tothe grid
when the price of electiity is high. When generation is high, the excess generated electnaitybe

usedfor computing.

Renewable Energy Production

Low High
- > | Low Buy electricity for computing Use generatecenergyfor computing
8 S and charging the battery and charging the battery
SR
a § . Sell electricity and discharge Sell electricity and compute with
w | High ! i
batteryfor computing excesgyeneration

Table2.11 Operating decisions for a DGDC.
The battery stores electricity when tk cost of computing is low andischarge when the cost of
computing is high. When generation is high andeli®excess electricity, the battery is chargedater
use For exampleexcess solar generation is stored during the dayimdethe battery is discharged in the

evening Figure2.13).
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Figure2.131 Battery operation in grid-isolatedsolar power DGDC.
In this example, the computing resourcsiied to be80% of generatiocapability During theday, solar

generatiorpowers the computing and chardgke batteryAfter the sun goes down, the battery begins to
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discharge allowing the computing resource to continue to opeeatéull power for 17 hourslf the
DGDC isgrid-tied, the battery can be used to store low cost grid electfmityseduring periods of high

price electricity.

Traditionally the transmissionapacityfor renewable generatiois sizedto meet the maximum power
output. An intermittent energy sourcewill produ@ maximum output at infrequent intervals aritie
transmissionwill be underutilized. The capacity factatescribeshow often a componentis used
comparedthe maximum amount the componerduld be used.A high capacity factor indicates the
component is utilized at its maximum capacity.

] B.0zO (2.1)
#ADAREDNOLO——
0 zO
where;

N is the nunber of time steps,
P; is the power level during time step i,
T, is the length of the simulation,
Pmax IS the rated component capacity, and

Ty is the length of the simulation.
Solar irradiance received at a solar generatioray in Kingston, Ontariondicates peak generation
happens infrequently throughout the d&jg(re 2.14). Transmission designed to meet the maximum

output of the solar farwill have thesamecapacity factoas the solar generation.

Al I
G s

Generation
Y
=

1 Day [Hours]

Figure2.147 Normalized solar irradiation data from St. Lawrence College on June 23, 2011

If the capacity of the transmissi@less than that the maximum production of the solar farm, then the
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transmission wilhave a higher capacity factdteducing the transmission capacity means less electricity
can besold to the gridluring high generatiol.able2.2 lists the capacity factors for transmission rated at

100%, 75%, 50% and 25% of the solar fayeneration

Transmission
Capacity
[% of generation]

Transmission Percent of Electricity
Capacity Factor Sold to Electrical Grid

100 27 % 100%
75 34 % 96 %
50 43 % 81%
25 50 % 47%

Table2.21 Capacity factor and electricigold for decreasingansmission capacities.
A high transmission capacity factor means the transmission resources is utilized more frediently.
magnitudeof the solar generatiowariability is mitigatedfor restricted transmission capacitieés grid
connected DGDC with a small transmiss@apacitycan use excess generation and increase the capacity

factor of the transmission resource.

2.6. Modelling Overview

The next two chapterdescribethe hourly simulation and the economic analysis usedconparing
DGDC energy systems. The hourly simulation is conducted for an entire year for each energy system
configuration. The outputs of the hourly simulatiare used in the economic analysiscluding the

operating cost and the energy used for computing.

The economic analysis is conducted for the lifetime of the DGDC and iraikeaccount the capital,
operating and end of life costs of the systdfaltiple energy system configurations are compared, and

the best systermompletes the most computing for tbevest cost.
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Chapter 3. Hourly Simulation Method

3.1. Simulation Introduction

Operationof the DGDC energy system is modeled using an hourly simulafi@mergy flows Power
flows within theDGDC areobtainedusingthe hourly production fromthe renewable energourceand
the hourly priceof grid electricity Possible power flowsiserenevable generation fogithercomputing,
storageor soldto the grid Additionally, dectricity maybe purchased from the electrical grid and used for
either computing orstored inthe battery Linear programming is used to find the minimum cost of

supplying electricity for computing.

The amount of energy used for computgaghhour is determined using a comimgt supply and demand
curve analysis.The computing supply arve represats theopportunity costs of using electricity for
computinginstead of selling to the grid or storing in the battery for future Tike supply curvds
compared tahe computing demand curves, which represéimsvalue of computing to the entire DGDC
nework. The equilibrium point between these two curwésterminesthe amount of computing

performed.

The amounbf electricity used for computing, the overall cost of operating the DGDC and the cost of
computingis recordedeach hourThese values arased ina lifetime cash flow analysis described in

Chapter 4

A symbolic flowchart of the hodby-hour simulation isprovidedin Figure 3.1. The hourly simulation
contains nested logpThe ouér loop repeatdor all the hours of the simulatiotherebydetermining the
system costfor the entie simulationyear. The inner loops used to determine the amount of electricity
that is used for computing. €hrest of this chapter discusshe equations and assumptions that are used

in thehourly energy flowsimulation
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Figure3.11 Symbolic flow chart of the hourlgimulation.

3.2. Simulation Data

The inputs to the hourly simulation are separated into three categoréggy systensapacities hourly
simulation dataand operational variableg&nergy gstem size variabedefine the maximum capacities
of the DGDC componentsHourly renewable energy production gorite data fogrid electricitydefine
the location specific inputs for the simulatio®perational variableslefine the operation of theattery

and demand for computing resources.

Thereareseven energy system size variables that define maximum capértiti#s3.1). The generation
and computingesourcesre limited by the maximum power that can be produced and used, respectively.

The transmission capacity is limitdny the amount oflectricity boughtand sold. Storagecapacity
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indicateshow much energy can be stored. The battergls® limited bythe maximum charge and

dischargeate

Component Capacity | Unit Symbol
Generation Productiof [MW] PCoene
Computing Capacity | [MW] PCeomp
Selling to Grid [MW] PGCeei
Buying from Grid [MW] PGy
Battery Charging [MW] PCeharge
BatteryDischarging | [MW] | PGiischarge

Battery Storage [MWh] PGat
Table3.17 DGDC Energy System Component Capacities

Location specific datafor the DGDC includethe hourly generation data and theourly price of
electricity. Production dataare expressed as a percentage of the maximum generdfiarimum
generation is expressed as a value of 1amdlue of 0 meanso generationEquation(3.1) is used to
normalize renewable energy production data recorded from an getexiation source

—~AAO@CAMA OACEIT I

T OT AU ADBBRE DA ———F =~ 3.1
CAT AGAMGHAAEOU

Hourly generationdata is mput at an N by 1 column vector, where each row represents the normalized

production value during one time step.

PVr-,

Hour_ Generation = PVir=2

PVr=n
where

PV is the production valuduring time sted@, and

N is the number of timeteps in the simulation.
The gid price of electricityis atwo column vectorsonevectorfor the pricepaidand ondor therevenue
received.Values are reported in $/MWh and account only for the commodity clodrglectricity. The

rows of thegrid priceandgeneration vector correspond to the same timeastdpnust be equal in length

for the simulation.
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GridSell T=1 , GrldBuy T =1
GridSell T=2 , GrldBuy T=2

Hour Grid =

GridSell 1.y , GrdBUy  Ton
where

GridSell and GridBuy are value of electricity sold and bought from the electrical grid,
respectively,
T is time stepand

N is the number of time steps in the simulation.

In addition to grid price and generation vecttws) columnvectoss areusedto describe the shape of the
computing demand curvé@.he battery charging parametisr a six number vector anegpreserd that
incentiveto chargethe battery based on future computing energy cosisse operatiaa paameters are

elaborated upon in Secti@b6 and fction3.8, respectively.
3.3. Initial Simulation Conditions

Battery charge/discharge desions are based on thmtterystate of charge and the value of electricity
stored The initial state of charge tiie batteryis set to zerdiMWh.

PStoredBatt(1) = 0
Electiicity stored in the battery is assigned a value dgithe cost of usinghe stored electricityThe
initial batery value is also set to zestMWh.

Chbatt(1)= O

In addition to the battery conditions, the fixed power flowss are also defined. Power flow costs
representhe costs incurred when power is moumtweentwo componerg of the DGDC.An obvious
exampleof a power flow costs the interaction between the generator and the electrical grid. Electricity
that is produced by the generator flows taof the el

this flow a payment from the local utility for the electricity.

Two types of power flow costare used in the simulatipmariable costs and fixed cosksariable costs

are dfined each hour of the simulation whereas fixed costs are definedatnite beginning ofhie
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simulation Fixed costs can be used rgpresentvear on a component or other coitat are incurred

during use Power Flows are urdirectional between two componentBable 3.2). The power flow

subscript nomenclature is typical for all flows between components.

Power Flow SR E”?rgy PO (s Flow Cost Description
Source Sink Nomenclature
Generated Least expensive source of electric
electricity used for| Generator| Computer Pgene.comp but there is an opportunity cast
computing electricity can be sold.
Electricity sold to Revenue is generated according 1
Y Generator|  Grid Pyene.grid the purchasing agreement with th
the grid S .
local electridty utility .
Generated Electricity is stored if the future cog
electricity used to| Generator| Battery Pyene.batt of computing is more than the
charge the battery current cost of computing.
Stored energy Batteryelectricity is used when the
used for Battery | Computer Poatt.comp storedenergyis less expensive thar
computing all othersources.
Grid electricity The cost of grid electricity is
used for Grid Computer Pyrid.batt dependent on the contract with th
computing local electricity utility.
Grid dectricity Electricity can bgurchasedrom
stored in the Grid Battery Pyrid.comp the electricity grid to charge the
battery battery.
Generated If all other sinks of electricity are
electricitythat is | Generator] Dump Pgene.dump constrained,hten the electricitys
constrained not used odumped.

Table3.21 Power Flows between system components.

The hourly simulation begindftar the initial states of the battery and the fixed energy flow costs are
defined. Each hour of the simulation follows the same procedure. First the time step conditions are
loaded, then a computing supply cost curve is geneeatdcdcompared ta computing dmand curve to
determine the amount of power dder computing. Fally the power flows are recorded and state of

the battery is updated for the next time step.
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3.4. Time Step Initialization

Each hour begins by loading thed price of electricity, the geeration productiorand the incentive to
charge the battery.he hourly value ofselling to the grid and the cost of purchasimg gleanedrom the
grid cost vectoHour_Grid (3.2) & (3.3)

GridSell = Hour_Grid (hour,1) (3.2

GridBuy = Hour_Grid (hour,2) (3.3
where;

GridSell and GridBuy are the incentives to sell/buy electricity from the grid,
hour is the time step, and
Hour_Grid is the two column vector witthe grid value of electricity.
The electricity generateduring eachtime step is calculated based on the nameplgtacitst of the

generation source and the normalized generation production y&djor

P_gene = PC g * Hour_Generation(hour) (3.4
where;

P_genes the amount of power generated in the time btap,
PCgeneis the nameplate capacity of the generator, and

Hour_Generation is the column vector of normalized generation.
The variable power flow costshange each hour based on the price of electridibg value of selling
electricity, the battery charge level, anthe incentive to charge the battery. EquasidB.5) to (3.12)

calculate thepower flow cost each hour.
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Cgene.comp= CFgene_comp (35)

Cgene.gridz CFgene.gridZ GridSell (36)
Cene.batt= CFyenebatt+ ChargeVaIue (gg)
Goatt.comp = CFoatt.comp + Chatt Esgg
Cyrid.comp = CFyrid.comp + GridBuy (3.10)
Cyrid.batt = CFyrig.oar + GridBuy + ChargeValue (3.11)
Cyene.dump= CFgene.dump (312

where;
Cuoxyyyy IS the cost of energy flow from component XXXX to YYYY,
CFxxyyyy are the fixed energy flow costs,
GridSell andGridBuy are is the value of electricity sito and bought fnm the grid,
ChargeValueis the incentive to charge the battery, and

Chatt IS the value of electricity stored in the battery.
The incentive to charge the battery, ChargeVakiejther positiveor negative where a negative value
indicates a incentive to chargethe battery.The method of calculatinghe battery incentive is further

discussed in Sectidh9.

3.5. Cost of Computing Calculation

The cos to operate the DGDC energy system depeam the amounaind cost ofelectricity flowing
between component®ower flowsare selected taninimizing the overall DGDC coswhile respecting
constraints imposed on the systdvtixed IntegerLinear Programming(MILP) usingIBM ILOG CPLEX
Optimization Studid51] was used tofind the minimum cost power flowdsRevenueis expressed as a

negative number arttierefore revenue imaximized in the MILAninimizationfunction(3.13).

EnergyCost = min{ f (x) } (313
While respecting the constrains;
Aeq * x = Beq
'ET AN ¢ @ "ET AN
, A @ 5A
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where

EnergyCostis the total cost of all the power flows,

f is a column vector of power flow costs,

Cgene.comp
Cgene.grid

Cgene.batt

f= Ooatt.comp

Cgrid.comp

Cyrid.batt

. Cgene.dump ]
x is a column vector of the power flows found by CPLEX MILP,

Pgene.comp
Pgene.grid

Pgene.batt

X= Pbatt.comp

Pgrid.comp

Pgrid.batt

Pgene.dump
matrix Aeq and vectoBeq describe equality constraints imposed on the system,

matrix Aineq and vectoBineq describe equality constraints imposed on the system, and

Lb andUb are column vectors representing the lower and upper bounds of the power flow
vector.

3.5.1. Power Flow mnstraints
Constraints imposed on the system englueemaximum capacities aretndolatedand enough electricity
is available for computingrhe CPLEX minimizatiorfunction acceptswo types of constraingqualities

and inequalitiesEqualitiesfollow the formX =Y, wheras an inequalitie®llow the form X OY.

Two equality constraints aratilized for the minimization The first ensures that all the electricity
generated by the renewable sourceitiserusedby the computer, sold to the gridpsed in the battery or

dumped(3.14). The seconaqualityensures that enough poweom the generation, battery and grd

available for computing3.15).
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Pgene: Pgene.comp+ Pgene.grid+ Pgene.batt+ Pgene.dump (314)
Pcomp: Pgene.comp+ Pbatt.comp"' Pgrid.comp (315)
where;

P_genes the electricity produced by the generator,
P_compis the electricity used by the computer, and

Puoxxyyyy are the power flows between component xxxx and yyyy.
Inequality constraits ersure that the amount of power usgmks not exceed the limits of the battery
the transmission gridrhe batteryis charge by the generatoandthe grid(3.16), and discharged to the
computer(3.17).

Pgene.batt+ Pgrid.batt Q:harge (316)
Pbatt.comp I3'\/'dischharge (317)
where;

PM charge aNdPM gischarge @re the maximum charging and discharging capacities, and

Puwoxxyyyy are the power flows between components xxxx and yyyy.
The maximumcharge(3.18) and discharg€3.19) ratesare limited by the lowst of either the battery
charge/disharge capacity or the battery charge level

PNI(;harge: min[PCcharge, PGa’[t - PStO[’edBatt(hOUI‘)] (318)
P'\/ljischargez min[PCdischarge, PStOI’GdB&tt(hOUf)] (319)
where;

PM charge aNdP M gischarge @re the maximum charging and discharging capacities of the battery,
P Ceharge aNAP Cgigcharge are the charging and discharge capacity of the battery,

PCgay is the total storage capacity of the battery, and

PStoredBatt(hour) is the amount of energy stored in the battey.

Two inequality constraints are used to ensure ti&tbuying and sellingpf power doesnot exceed the
limits of the transmission systen@rid electricity is used to charge the batteand to power the

computing resourcg8.20) & (3.21).

I:)gene.grid Q;erling (320)
I:)grid.comp + Pgrid.batt Q)uying (321)
where;

PMseiing andPMyying are the maximum selling and buying capacities, and

Puwoxxyyyy are the power flows between components xxxx and yyyy.
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The flow ofenergy in/out of the battery and to/from the transmissionigigdnstrained by combination
of inequality constraint@nd binary valuesThese constrains stem from the condition tiat dattery
cannot be chargeand dischargedimultaneoushand eledticity camot be sold to and light from the

electrical gridat the same timé-igure 3.2 illustrates theaestrictiors placed upon the system.

DISCHARGE OR CHARGE
Intermittent Energy ‘
Generation :®:> Storage

"

Intermittent @ Energy

Generation ﬁxi Storage
\

i <
N\ ﬁ
A
Computer Electricity Computer Electricity
Servers Grid Servers Grid
SELL OR BUY

Intermittent Energy Intermittent Energy
Generation Storage Generation Storage

\ﬁ
<
\
N
Computer Electricity Computer g ‘E 3 Electricity
Servers Grid Servers e Grid

N

Figure3.21 Battery and transmission grid power flow constraints.
The top rowof Figure 3.2 is a choiceto either charge or dischardgige battery During each time step
either charging the battery dm the generatoand grid is zero, or discharging to the computer is zero.
Thisis written using logic operate3.22) and therearranged3.23).

[Pgene.batt= 0 AND Pyrid batt = 0] OR[Phatt.comp = 0] (3.22
[Pgenebatt = 0 ORPratt.comp = 0] AND[Pgrid.batt = 0 ORPoatt.comp = O] (323)

In CPLEX MILP an OR statementan be expressed using as combinatibtwo inequality constraints
and a binary value. Binary values in CPLEX MILP are assigned a value of either Camfning the

binary value [fIO_1] with the two inequalitiesreates an OR logistatemen(3.24) & (3.25).
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Pgene.battZ PMgenepart* [I// . P T (3.29)

Pbatt.comp+ Plvbatt.comp* [I// . p Plvloatt.comp (325)
where;

Pyoxyyyy @re the power flows between components xxxx and yyyy, and

PMsxxyyyy @re the maximum possible power flows between components xxxx and yyyy.
The \alue of the binary dictates which power flow must be zkrdahe case where the binary value is

[1/0_1] = 0 thenthegenerator to battery power flow is zero

Pgene.battZ Plvbene.batt* [I// . p Pbatt.comp"' PMbatt.comp* [”/ . p batt.comp -
Pgene.battz Plvlgene.batt* 0 0 Pbatt.comp + PMbatt.compG TPNloatt.comp
Pgene.batt 0 Pbatt.comp Plvloatt.comp

andin the case when the binary valugli®D_1] =1, thenthebatery to computer power flow is zero

Pgene.battz PNbene.batt* [I// . p Pbatt.comp+ PMbatt.comp* [I// . p batt.comp -
Pgene.battz PNL;ene.battG FD Pbatt.comp + PMbatt.comp 6 FPNloatt.comp
Pgene.battz Plvlgene.batt 0 Pbatt.comp + PMbatt.comp PMbatt.comp
Pgene.batt Plvlgene.batt Pbatt.comp P'\/iaatt.comp - P'Vk)att.comp

Poatt.comp O
The binary and inequality constrairdse repeated three more time for the remmagnOR statements.
(3.26) and (3.27) representthe battery being charged by the gud the batterydischargingto the
computer

Pyrid batt - PMgrid.batt * [I/ O_2]<= 0 (3.26)
Pbatt.comp+ PMbatt.comp* [Il 0_2]<= PM batt.comp (327)

(3.28) and(3.29) representitherselling electricity to the gridr charging the battery from the grid

Pgene.gridZ Plvlgene.grid* [Il 0_3]<: 0 (328)
Pgrid.batt + PMgrid.batt * [Il 0_3]<= PM grid.batt (329)
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(3.30) and (3.31) representeither selling generated electricity to the grad buying eledticity for
computing.

Pgene.gridz Plvlgene.grid* [Il 0_4] <=0 (330)
Pgrid.comp+ PMgrid.comp* [” 0_4] <= Plvlgrid.comp (331)

Thefinal constraintson the power flows are thepper and lower boundJable3.3). The upper bounds
ensure that the component capacities areerotedednd the lower bouds ensure all power flows are

equal or greater than O.

Power Flow Upper Bound Lower Bound
Pgenecomp MiN(Poomp Poend 0
Pgenegria mMiN(PMseling Pyend 0
Pgenebatt MiN(PMcharge Pgend 0
Poattcomp MiN(PMuischarge Peomp) 0
Pyridbatt MIiN(PMouying: PMchargd 0
Pyrid.comp MIiN(PMouying Peomp) 0
Pgenedump Pgene 0

Table3.31 Upper and lower bounds imposed on the Power Flow possibilities
3.5.2. Minimizing Cost of Power Flows
Solvingthe linearEquation(3.13) with theaboveconstraintdinds the lowestcost of providing electricity
for computingamountP..mp, TWo examplescenarios for ®GDC systenare presented ifrigure3.3. The
first scenariohas no computing demanB.,m,= 0 kW, and the second scenario has a high computing
demand P.,mp = 75 KW. The power flow solution and the system cost for the two scenarios are shown in

Table3.4.
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7

Intermittent
Generation

Paene = S0KW

$0.00/kWh

&
°o\ Energy Dump
o

$-0.12/kWh

Computer Servers
Peomp (high) = 75kw
Peomp (low) = OkW

5

$0.14/kwh

Energy Storage
PMcharge = 20kW
PMd\scharge = 20kwW

$0.14/kWh

Electricity Grid

PMpuying = 20kW
PMEeHing = 20kW

Figure3.31 Example DGDC energy system with a high computing and no computing scenario.

Scenario 1 Scenario 2
Pcomp = 75kW Peomp = OKW
Power
Flow Power Power
Power Cost Flow Cost Flow Cost
Flow # Power Flow [$/kWh] | [kKWh] [$] [kWh] [$]
1 Pgene.comp 0.00 50 0.00 0
2 Pyene.grid -0.10 0 20 -2.00
3 Pyene.batt -0.12 0 20 -2.40
4 Pbatt.comp 0.12 20 2.40
5 I:)grid.batt 0.14 0
6 Pgrid.comp 0.14 0.70
7 Pgene.dump 0.00 0 10 0.00
TOTAL SYSTEM COST $3.10 $-4.40

Table3.47 Results from the CPLEX MILP solver example for a single time step.
When 75kW of computing is required, the system uses all of the power from the generator, the maximum
battery discharge capacity, as well as 5 kWh is purchfisen the electricity grid. In the OkW computing
demand scenario, the maximum charge and maximum selling capacities are reached. The excess power,

10 kWh, is dumped since there is no other used for the generated electricity.
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3.5.3. Computing Supply Cost

The totd system cost for the lower computing demand scenarig® 0kW) is $4.40 which indicates
revenue was generated by selling to the grid and charging the b&tteeyn the computing resources
demands 75kW, then the total system ¢®$8.10.The unit cst of supplying75kW of computing power

for one houis $0.04/kWh ($3.10/75kWh

The unit cosanalysis ignores thepportunity cost of beingnable to sell the powesuch as in the 0 kW
computing scenariolo calculate the true cost, both the total systmost and the revenue that is not

generated needs to be includegliation(3.32).

Z43MET
0

(3.32)

where;
SupplyCostis the cost of computing in $/kWh,
TSC(Pcomp) is the total system cost to supply the required amount of computing
TSC(0kW) is the total system cost when no power is supply to the computing

Peomp IS the amount of power supplied to the computer
Equation(3.32) is applied to theexample scenarito show that thdrue supply cost ofcomputing at
75kW is $0.10/kWhnotthe unit cost 0$0.04/kWh

SupplyCost = [TSC(Pcompy TSC(0kW)]/ Pcomp
SupplyCost= [$3.10 7 ($-4.40)] / 75 kWh
SupplyCost = $7.50 75 kWh
SupplyCost = $.10/kWh

Thesupply cost of computing shown above is valid only for 75kWh of compulimgcomputing supply
algorithmis repeated multiple tinsavith the R,m, constaint varying béween 0% and 108 of maximum

computing to create a computing supplyve
3.6. Supply and DemandAnalysis

A supply anddemandcurve analysisdetermined the amount of electricity used for computing each hour

In general, aupply and demand curve analysis deiaes the price and quantitf a goodthat satisfies
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both the supplier and the consunfeupply curves represents the cost of supplying goods to a consumer
and demand curves represents the price a consumer is willing t& payple linearexampleis sfown in
Figure 3.4. The equilibrium is the pointvhere the suppleurve and the demand curve intersect and

represent thenutually beneficiaprice and quantity of good.

Price

— Supply Curve
— Demand Curve

Equilibrium
Point

Peq

Qeo Quantity
Figure3.41 The equilibrium point repreststhe cost to supply computiregthe quantityand
pricewilling to be paid.
In terms of DGDG, the quantity refersotthe amount of electricitysed for computing in a time step and
the price is the opportunity cost of supplyingthe electricity used for computingrhe supply curve is

created using by repeating the analysiSection3.5but including computing amounts between 0% and

100% of maximum computing powéFable3.5) (Figure3.5).

Computing Supply Okw 15kwW 30kwW  45kW 60kwW 75kwW

[KW] (0%)  (20%) (40%) (60%) (80%) (100%)
Ut S’{g]tem Cost | 440 $390 $240 $060 $1.20 $3.10
Oppo”‘fg]ity Casi $0.00 $050 $2.00 $3.80 $560 $7.50

Computing Supply Cost
[$/kWh] $0.00 $0.03 $0.07 $0.08  $0.09  $0.10

Table3.517 Computingsupplycost datdbetween 0% and 100% of maximum computing capacity.
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Figure3.517 Computing sipply curve for a single time step.
A computing demand curve represetiis value of computing as set by th6&DC network operator.
Examples of demand curveareshown in(Figure 3.6). The shape requires two parameters thiat sets
the maximum amount paitbr computing and one that describes 8t@pe of the curveEQuatiors

(3.33a&b).

Power Price
=
o

0 30 60 90 120
Computer Power

Figure3.6 1 Sample émand curve shapes
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(3.330)

01 QOO M0 1 ZQcpQ
where;
Price is the supply price for thEomputer Power,
MaxPrice is the maximum amount paid for computing,
ComputerCapacity is the maximum computing capacity, and
B describes the shapetbie curve.
The computing demand curve approximates the economic dispatch of the DGDC nétvmgekeralno

computing is used when the price is highest (&fp) land as the price decreasasre computing is

demanded by the network operator (bottom right).
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Some &ctors thatwill cause the demand curve iticreasethe maximum price paid for computing

include
1 Willingness of customers to pay more for computritjical tasks.
1 Low availability of renewable energy sources, i.e. nighttime or during cloudy days
1 High percentage of DGDC connected to the electrical grid
1 Requirement for high DGDC network availability

Factors thatower the maximum price paitbr computingand promotethe use of lowcost electricity

include
1 Availability of low cost grid energg.g areas witkonstrained transmission
9 High renewable energy productionthe DGDC network.
1 Reduction in the amount of computer power demanded
1 Non-critical computational processésat can be gheduledo utilize low cost energy.

When the desired computing load is a tionical process such as streaming a movie or accessing a
database, the DGDC network operator will need to use power for computing regardless of the @ost.
result, thee will be an upward pressure on the demand csineecomputing will need to be completed

at a higher cost. For ndime critical loads, such as large computational problems or data analysis, the
network operator will schedule these loads during timesnvithere is an abundance of low costveq

lowering the demand curve.

If the computingdemand is updated each hatia the DGDC network operattine demand curve would
modelthe realistic operation of the DGDComputing loads and server utilization ifieduled to match
exactly the amount of power that is available during a time $tep.demand curve ensures that power

will be used only if theomputing supplyost is within the budget of the DGD@tworkdemand.

If computing demands are not known fa@ich hour, atatistical approximationan be usednstead of the
demand curve representing the actual power usage, it represents the frelgaetineyDGDC is operated

at aeachprice point The demand curve will represent the likelihood of the DGDC powering on during a
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time period.During times of low cost energy all of the computing teses will be utilized. Whereas

during time of lngh cost energy the computer servers will be used legadrgly.

Computing supply and demamdrves are representad a3-column matrix. The first column contains

the requiredcomputing power, the second contains the supply curve, and the third contains the demand

curve. The equilibriummprice point and computepower is found using the algorithm shown in the

flowchart in Figure 3.7. A sample 3column matrix is showmwith the flowchartas an exampleThe

algarithm indicates that the equilibrium price$0.033/kWh and the computing amoisit5 kWh.

Start with the second row of
supply and demand points

(0.033,0.08)

]

Computing| Supply [Demand
Amount Cost Price
o} 0.000 0.10
15 0.033 0.08
30 0.067 0.06
45 0.084 0.04
60 0.093 0.02
75 0.100 0.00

supply price point
greater than the
demand point?

Repeat with the
next row of the

Is the

table demand price?

Have all
the rows been ex-
amined?

Compute
amount is the
previous row

supply price equal to the

Compute
amount is the
current row

The last row is
the computing
amount

Figure3.71 Flow chart representation of the algorithm to findshpply and demand curve

equilibrium.

The equilibrium point is foundusingthe discrete pointof the supply and demand curvéFigure 3.8).

Since the supply and demand curves are not contirtheusleal equilibrium point may be between the

discrete price pointdAs a result the actual power flows are different from the ideal case and the amount

of energy used for computing is less than the ideal condition.
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Figure3.81 The discrete pointsf the supply and demand curapproximateheideal price

point.

This problem can be minimized by increasing the number of discretes poirgsolutionof the supply

and demand curv&.heideal equilibrium pointis less that 30kWut with only six points the demand is

found to be 15kWHigure3.9a) compared to 25kWF{gure 3.9b) with 16 points
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Figure3.9a & b7 Comparison of two supply and demand cumnwéth 6 points(left) and16

points (right)

Increasing the resolution increases the amount of computing since the difference between the actual and

modeled equilibrium point is smaller. Increasing the resolution also increases the resources required to

compute the simulation since each point reguitee model to solve the power flow minimizatidm

analysis was conductexh the number of discrete points uséat thedemand and supply curve. A simple

DGDC systemwas simulated over the course of the yd@dre simulation was run multiple times with

computingcurve resaltions between 2 and 256 poinksgure3.10).
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Figure3.107 Analysis of the number of discrete points used for the computing supply/demand
analysis.

3.7. Simulation Results

Once the comping demands selectedheresultsarerecordedthebattery status igpdatedandthe next
time stepbegins The power flows between the components, the overall cost of enangy the
equilibrium price are the outputs of the hourly siation and are used in theet present valuanalysis

(Chapter 4.

The power flowsndicatehow the individal components of the system are utilized during the simulation.
The amount of power that is sold to the grid or used for compigtiohgrived from this data.he coss for

all time steg are summed to determine the cosbpérating the DGDC faa year.

The battery state of charge adjusted based dhe amount charged or dischargattthe efficiency of
the batteryBattery efficiency is assumed to be a singluedescrbing the roundtrip battery efficiency.
The eergyavailable forfuturetime steg accounts fothe energy lost in the chargiand discharging of
a battery. For example, if 10 kWh is stored in a battery that has a round trip efficiency 069§ 9

kwh will be available for use and the remaig 1kW is lost Equation(3.34) calculate the battery charge

for the next time step
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PStoredBatt(hour + 1) = PStored Batt(hour) Z (Pbatt.comp+ Pgenebatt + Pgridbatt) * Sbatt (3.39)
where;

PStoredBattis the amount of power stored in the battery during a time step,
Hour is a time step within the simulation,

Pyxyyyy @re the power flows between components xxxx and yyyy, and

dbar IS the battery efficiency.

The storedenergy is assigned\alue based on théuture expected price of electricityhe incentive to
charg the batteryCharge Valueis explained inSection3.8. Equation(3.35) calculaesthe new battery
energyvalueby averaging the value ofdhexisting energy and the charged energy.

#EOAOCA®AIZ;OA O 4 #AAODD 301 OABD |

#AAOO —
0 . 0 5 2s 0301 DAGO (3.39)

where;
Chbatt .1y is the cost of the battery during time step hour+1,
ChargeValueis the incentive to charge the battery,
Pyxyyyy 1S the power flow between compongrkxx and yyyy,
PStored_battis the amount of power stored in the battery during a time step, and

dbatt is the round trip efficiency of the battery.
In the equation aboydattery efficiency decreasgthe amountof electricity that is stored causirige
relative cost of the energgtoredin the battery increasehe following example show$iow the battery
inefficiency increases the cost of stored energy.
Energy in = 1IMWh

Cost of Energy = $20/MWh
Total Cost = $20

If Battery Efficiency = 90% then

Energy out = Energy in* Battery Efficiency
Energy out= 0.9MWh

Value of energy = Total Cost / Energy Out

Valueof energy = $20/0.9MWh
Value of energy = $22.2/MWh
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Since the incentive to charge the battery is based on the future value of the stored electricity, the incentive

needs to take into account the change in battery value due to inefficiencies.

3.8. Battery Charging Incentive

In a DGDC, the goal of the battery is to redudbe use of high cost enerdpr computingby charging
with low cost enggy. The cost of computing will increasehen low cost energy charges the batgnge
there is an added opportunitpst. Figure 3.11 shows howthe charging and discharging cycles of a

battery compares to a system without a battery.

DISCHARGING

e,
- .
O .
* s
P .
o .
& 0}

CHARGING

. WITH BATTERY

5
0
s
.,
.,
s
*a

WITHOUT BATTERY

Computing Cost [$/MWh]

Time Step [hr]

Figure3.117 The computing cost for arsulation with a battery (solid lindjas less deviation
than a nebattery simulation (dottetine)

The charge incentives determined based on the computing cost in future time.séephourly fino
b a t tsenulationis run to determine the cost of computinga worstcase scenariwithout the ability
to store electricityThe charge incentivies cal cul ated with the fino batter

simulation with the battery

The batery charge incentivanimics the ability for a real DGDC systeno predict the future cosof
computing.Future time steps are weigltbased on the prediction accuracy of B@DC operator. For

example, agrid operatorcan provide accuratshortrange price predictionsand would havea high
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weighting whereas, longerm wind generatiorpredictions are less accurate awduld havea lower

weighting.

An example of a battery forecasting input is showFRigure 3.12. The example shown has a four heur

forecastwith 100% weighting but in the following four hours the certainty drops @86 The last four

hours has a weightingf only 25%

1
Hours .
Ahead Weighting .
£ 05
4 1.00 2
2
8 0.50 0
12 0.25 1 2 3 4 sHourseAheag 8 9 10 11 12

Figure3.121 Examplebattery forecastingveighting parameters

For each time stethe forecastingweighting is appliedo determine the charge incentive as shown in

Equation(3.36).

P o " H#EBI OGz7TAEEOGE (3.36)
#EAO AIBIA(D@% S z
¢ B 7TAEE®OGE g

where;
Chargevalue(hour)is the charge incentive for the battery for the time step,

hour is the time step,

MaxHour is the number of hours ahead the weighting considers,

NBCC is the No Battery Computing Cost calculated by simulating the system without a battery
Weight is the weighting assigned to the hour, and

d _ b & the battery efficiency.

The battery efficiency is included ithis equation to counteradbattery valueincreasedue to
inefficiencies.Some $ored energy is lost due tmtteryinefficiency and thushe incentive to charge is

decreased because less powdt be available.
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3.9. Hourly Simulation Summary

This chapter describes dourly simulation of DGDC opeiiah, which modek the power flows within

the system. Power flows are calculated in order to minimize the cost of supplgicicity for
computing.The minimization is completed using the CPLEX MILP solardconstraints ensure that the
maximum capaciéis of the system components are not viola@mmputing supply costare compared
against the DGDC network demand to determine the amount of power that is used in each time step.
Energy costs and the amount of power used for computing are used in aovastmdlysis described

next.
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Chapter 4. Energy SystemDesignOptimization

4.1. Design Evaluation Introduction

This chapter presentsligetime cash flow analysifor DGDC energy systerdesigns.Designof a
DGDC energy system requirdbe optimal sizing of components to provide comjiuy at the lowest
possiblecost. The systems evaluatedver its entirelifetime to assess the cost of providing computing
All potentialenergy systesiareiteratedthrough acash flow analysiso find the optimal desigwith the

minimum lifetime cost of computin@Figure4.1).

Define DGDC
Design Space

Perform hourly
simulation of
energy system

Select Energy
System to Model

Lifetime Cash Flow
Repeat for next Analysis
energy system l
Net Present Value
Calculation
lifetime cost analysis Calculate Lifetime
heen completed for all A Cost of Com puting
scenarios?

Find energy
system with lowest
Lifetime Cost of
Computing

Figure4.1i Flow chart ofthe DGDC energysystem economic analysis.
The design space definedl the potentialenergy systemfor the optimization. Possiblenergysystems
arerunthrough a yearlong simulation to determine the operational costs. After the simwatash flow

analysidfor the lifetime ofthe energy system mpletedThe outcome of the cash flow and results from
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the yeaflong simulation areised to determine the most economical energy system dékigmemainder

of this chapter explains the stegfghenet present vakianalysis

4.2. Defining the Design space

There areseven variables that defirthe capacities of the four energy systeomponents These
capacities set thdesign spacef the optimization.Table 4.1 provides descriptions of the seven design

space variables.

Design Space

Vi el Component | Units Description

Generation Generator MW Name plate capacity or maximum possipémeration.

Maximum power usedylthe computing servers,

Computing Computer MW cooling and all other poweequipment.

Battery Battery MWh or I_\/Iaxim_umenergythat can bestgred.Capacity in hours
Capacity Hours is thetime the battergan be discharged at full powe
Charging Battery MW Maximumpower used to charge the battery

Discharging Battery MW Maximumbattery discharge power.

Buying Grid MW Maximum amount oélectricitythatcan be bought.

Selling Grid MW Maximum amount oélectricity thatcan besold.

Table4.11 The component variables used to define the design space.
There is no limit on the upper boundarfycomponent capacitiebut the lower bound can e less than
zera A component capacityf zeroindicatesthe component is not included in the defined energy system
For example, grid-isolatedDGDC would have the buying and selling capaadfyero.Furthermore, if a
grid-tied DGDC is able to puttase from the gritbut not sell excess electricitgnly the selling capacity

would be set taera
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A distribution ofthe component capacitiegross the entire design spaseselected to find the global
minimum A three variable optimizatiois shown inFigure 4.2 with an even distribution of component

capacitiesUp to severtifferentvariablescan be usetb definethe design space.

Battery
4 Storage
Capacity
4 O L ®
| o o ¢
VAN | ® *_—o
. /A ® g _,.-. /Transmission
/o 0 ® / ® Capacity

ﬁattery
Charging
Capacity

Figure4.2i Eachdot represents a possible energy system configuraitbin a three
dimensional design space.

The number of scenarids the optimization is a functionf the number oEomponentdeing optimized
and the number of possible component siZég. design space shownkigure4.2 has threeomponents
that are being optimizedtransmission capacity, charging capacity and battery storage itgapac
Transmission capacity and charging capalith have four possible component sizes (N_transmission =
4, N_charging = 4) and the battery capacity has three (N yat®x. The number of simulation
(N_simulation) is;

N_simulation = N_transmission N_charging * N_battery
N_simulation=4*4* 3
N_simulation = 48

The design space determines the size of the optimization proAleennumber of simulationsn any
design space can be determined using Equédiah

COEi O AOEIANIZA #i1 i ®. "AGO#EC. $S#HEC " OU. 3A1 1 (41
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The size ofthe designspace dictatethe time required to find a solutionTechniquedor determining
design spacedo provide useful resultsare discussed inSection 4.7. Once theparametersfor the

optimizationareselected, the lifetime cost computing iscalculated.

4.3. DGDC Energy SystemOperation

The operation of the DGDC energy system is simulated over the course of a year. The purpose of the
simulation is to determine how the energy systemmponents operas a energysystem Component
capacitiesaffectthe operation of the energy systeimpacing the DGDCsosts and revenue¥hemost
important values calculated in the simulatioase the amunt of electricityusedfor computing and

operatiorl costs

Costs include electricity purchased from the grid, wear and tear on the system components, or other cost
associated with how the power is usBRdvenue is generated through the selling of electricity to the grid.

Both the costs and thevenues are lumped together under the common term operational costs.

A completeexplanationof the hourly yearlong simulation is found @hapter 3 As a summary, the
simulation approximates the economic dispattithe DGDC network operatoA supply and demand
curve analysis determines the amount of electricity used for computing each hour based on the cost of

energy

In addition to the operatingost and the computing electricity, information about the operation of the
DGDC is recorded during the simulatioRuring each time step, the power flows between all the
componentand the equilibrium pricarerecorded These power flowprovidesinsight into the DGDC

energy system componarperation during the year
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The components capacities afiexampleDGDC are shown inTable4.2. The DGDC sysim hassolar

generabn, a battery and connection to the local electricity grid. Electricity bought and soldt the

hourly variable markeprice.

System Component Capacity
Generation 100 kw
Computing 100 kw

Charge/Discharge 50 kW
Battery Storage 100 kwh
Buying/Selling 100 kw

Table4.21 Component capacities of the samplmulation with solar generation

An hourly simulation othe DGDCenergy system component is calculated andponenipower usds

shownas load duration curveg&igure4.3). The amounof power used isrderedwith the highest values

on the left sidef the graphThe area under the curve indicates the amount of poseer by &aomponent

in the simulation.

0.1 +

generation

computing

transmission

1

Hours

0 2190 4380

6570 8760

Figure4.31 Load duration cures foran example DGDC simulation.

This load durationis useful for visualizing the capacity factors of the components. Capacity factors

indicate the amount of power used relative to the maximum amount of power that could be used in the

year. Capacity fetors for the components are showT able4.3.
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Component Capacity Factor

Generation 9.6%
Computing 34.5%
Buying 34.0%

Table4.31 Capacity factors of energy system components.
Battery usage in the simulatias summarized irFigure4.4. Charging and dischargiraf the batteryis
represented as positive and negative values, respectively. Not shown liapghehyit useful to note is the

battery leld a charge foR6% @306hourg of the year.

100% -

Battery Charging (+)
50% - and Discharging (-)

0%

-50% -

Discharge/Charge

-100%

Months (Jan  -Dec)
Figure4.4i Battery charging+) and dischargig (-) of over the course of a year.

Noted earlierthe two most important outmibf the simulation are the yearly operational cost toed

total amount of electricity used for computing. These two values are used in the cash flow analysis and
for theunit cost of computing-igure4.5 shows the cumulative value of these variables over the course of
the year.

4000 T 400
—— Operation Costs

Computing Amount

N
o
o

2000 -+

Electricity Used for
Computing [MWh]

Operational Cost [$]

Months (Jan  -Dec)

Figure4.517 Cumulative curves of costs and computing amount over the course of a year.
The flattening of the cost curve in the middle of the graph is due to the incigaskationof solar

energyin the summerThe graph flattens because more revenue is generated from selling to the grid and
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less electricity needs to be purchas&tde compting curve remains virtuallyinear; indicating the

amount ofsolar generatiohas little effect on theomputingcompleted

4.4. Cash Flow Analysis

A cash flow analysis isised in engineering economics to assist designerherdecision making
processes. Aash flow analysis examines all of the cost that are occurred over the lifetime including
capital costs, operational costs, replacements cost and end of lifeAcostevenue that is generated is

included in determimg the overallcostof the system ovats lifetime.

Cost and revenues incurred each year are added together to find the net cash flow of the system as shown
in Table4.4. The ¢ yearincludesthe initial costs incurred toonstruct and setp the DGDC. The net
cash flow is summed each yearcteatecumulativecash flow.The cumulative cash flow indicates a net

system value of $1000 in the final year of the system.

Year 0 1 2 3 4 5
Capital Cost -$8000
Maintenance -$500 -$500 -$500 -$500 -$500
Replacement -$3000
Expenses -$8000 -$500 -$500 -$500 -$3500 -$500
Operation Revenue $2000 $2250 $2500 $2750 $3000
End of Life $2000
Revenue $0 $2000 $2250 $2500 $2750 $5000
Net Cash Flow -$8000 $1500 $1750 $2000 -$750 $4500
C“m“:f‘ltc')‘\jf Cash | ¢8000  -$6500  -$4750  -$2750  -$3500 $1000

Table4.41 Sample ash fow analysis.
Costsincurredover the lifetimeinclude; capital cost, replacement cost, maintenance cost, operational

cost, and salvage valusome typical costare:
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Capital costs areincurred during the construction and setting up of the DGDC energy system. The capital
for each component is calculated based on the size otdamponent and the infrastructure that is

required.

Maintenance costsare yearly costs that are required tom&in the system regardless of how the system
is used. For example, the cooling systems for the computing will require cleaning of the filters, the
generation will need servicing and inspectiansthe batteries will need testin@Costsdependent on

comporentuse are included as fixgmwer flowcosts in the hourly simulation.

Replacement costaresimilar to capital cost becaudeel represent a oftame cost forthe comporent.

Replacement coshay be less than the capital coghié requiredinfrastructue is already installed.

Yearly operation mayincur a costf power is purchaseor providerevenuef power is sold Operational
cost varies greatly based on the design of the energy systemiamdterminedusing the hourly

simulation.

Salvage valueis a theoretical value that characterizes the value of the equipment at the endashthe
flow analysis Equipment with lifetime longer than the system will have a residual value that is not
included in the cash flowl.o capture this value, a salvagduais calculated. The salvage value of a real

system would be the market value of the components on@GB¥ is no longer operational.

A method of approximating thealvage value is to prorabased on the number of useful yslaft in the
equipment52]. For example a piece of equipment that is expected to last 10 year would have half of its

value remainingféer 5 yeas. Equation(4.2) shows how the salvage value is calculated.
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where;
SalvageValueis the value for the remaining life of the component,
CapCostis the capital cost of the component,
SimulationLength number of years of the lifetime cash flow analysis, and

Lifetime ¢omponentiS the expected lifetime of the component.
Cost assumptions uden the economic optimization are scaled to the size of the selected component
capacity.The method of scalingwhether it isa linear, exponential, step function or othemas relavent

aslong as there is a relationship between the glizhe componet and the cost.

4.5. Net PresentValue

TheNet PresentValue(NPV) calculationis a continuation of the cash flowmalysis. The above cash flow
does not take into accoutite timevalue of money.A companythat invests in a DGDC isxpected to

have a returrthat is greater than the initial investment else it would be better to invest the capital
elsewhereThe DGDC energy systesassums an expected internal rate of return (IRlR)account for

the time value of moneyhe IRR is the expected rate of growthan investmenof over it lifetime.Cash

flows in future years are discounted uskguation(4.3).

$#& _re 4.3
p )22
where;
DCFy is the discounted cash flow in year N,
CFy is the cash flow in year N,
IRR is the Internal Rate of Return, and

n is the year of the cash flow.
The cash flow analysis shown ifiable 4.4 is illustratedin Figure 4.6. It shows the expensesevenus,
net cash flowand cumulative cash floduring the lifetime of the systertn the example, the breakeven

point, i.e. when the cumulative cash flow is greater than zero, is in the fifth year.
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Figure4.61 Lifetime revenues, expenses, actuimulativecash flow of a DGDC

The NPV is calculated for the system abowgh anIRR of 5%. Table 4.5 shows the discounted cash

flow and cumulative cash flow.

Year 0 2 3 4 5
Net Cash Flow| -$8000 $1500 $1750 $2000 -$750  $4500
I.R.R. 5% 5% 5% 5% 5%
Discounted Cash Flow| -$8000 $1429 $1587 $1728 -$617 $3526
Cumulative Cash Flow| -$8000 -$6571 -$4984 -$3256 -$3873 -$348

Table4.57 Discountedcashflow and eimulativecash flow

Once the time value of money has been taken into account, the value of the syst848mnd the

breakeven point ifongerthan5 years The difference in the cash flows between discounted and non

discounted is shown iRigure4.7(a). The cumulative cash flows for the discwed and nowliscounted

arecomparedn Figure4.7(b).
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$0 -
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BENET CASH FLOW
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Figure4.7 (a & b) T Comparison of cash flows (left) and the cumulative cash flows for a
discounted cash analysis vs a fiscounted cash flow analysis.
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The length of the cash flow analysian result in drastically differe™PV becauseavenue is generated
in the yarsfollowing the initial investmentShorter scenarios atess likely recoup the capital cost of the
systemLonger scenarios are less accurate because future colktssaredictable Figure4.8 shows the

above example but over a lifetime of 9 years instead of 5 yEaedNPV of a 9 year system is $3808 as

opposed te$348 forthe 5 year analysis.

$10000
$5000 / .
/ .\°/
$0 — //2 ——
0 1 2/§§§ /5 6 7 8 9 Year
-$5000 -
__— —e— CUMULATIVE
-$10000 —e— DISCOUNTED CUMULATIVE

Figure4.81 Cash flow analysis with a system lifetime of 9 years results in a NPV that is greate
than zero.

In some cases, such as long term purchasing agreements or leases, it may be necessary to examine longer
lifetimes. To accounfor the investmentisk of longterm projects, then the Internal RafeReturn (IRR)

may be variableAs the risk increase for future cash flows, tequirediRR also increasgFigure4.9).

8% T
INCREASING UNCERTAINTY & RISK

——

Internal Rate of Retunr

0%

0 10 20
Years
Figure4.91 Increasing risk andash flowsuncertaintyrequires a higherRR.
To calculak the discountedash flowsfor a variable IRR the denominator of Equatid:B) is alteredio

include all the rates of return for the previous years, as shown in Eq(@afipn

# & (4.4
p )22z p )22z28z p ) 22

$#&
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where;
DCFy is the discounted cash flow in year N,
CFy is thecash flow in year N, and

IRR, is the Internal Rate of Return in year X.

4.6. Determine Lifetime Cost of Computing

The final calculationdeterminesthe lifetime cost of computingLCC) for the DGDC energy system.
Lifetime cost of computingleterming the overdlcostto provide oneMWh of electricity for computing.
The net present valuis normalized by the amount of computing pemied to compare the ability of an
energy system to provide low cost computiagp).

. AGDOA AT A (4.5)
, EEAHEI BOOEEC

EEADEDE [ DO O_J%ik—Eg

The LCC is used to compare any DGDC energy system regardless of the size or arrangement of the
system.Rather thancomparingthe NPV, the optimization evaluatethe ability to providelow cost
computing.For example, an energystem with storageill have a highecapital cost, but is able to store

low cost energyOver its lifetimethe systenwill use more of theexcess generatianr low cost electricity

for computing. In comparison, a grid connected system will generate revenue from selling generated
electricity but will not use as much electricity for computifitpese two scenarios illustrate tinadeoff
betweenincreasing theNPV andincreasingthe anount of computingThe lifetime cost of computing
ensures that both the econorféasibility and computationaperformanceare used to compare potential

systems.
4.7. Find Minimum Lifetime Cost of Computing

TheLifetime Cost of Computing is calculatéat all energy systesiandthe system with the lowekCC

is considered to be the optimuBased on the initial results, more systeras be analyzetb further
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refine theoptimization A sample design space optimizationpiesentecbelow. Table 4.6 shows the

design space usdar the optimization.

Component Design Space | # Simulations
Generation 100 kwW 1
Computing 20kWT 100 kW 5
Charging/Discharging OkW 11 100 kW 5
Battery Capacity 1hr- 4hr 4
Buying/Selling OkWi 100kW 5
Total 500

Table4.61 Design space for sample DGDC energy system design optimization.
500 energy system configuratioage examinedo find the optimal system. Part of the simulation results
is shown inFigure 4.10. The contour plot shows the cost of computing 26rDGDC systera with a
40kW Computer and a 2 I@attery.Each of the 25 line intersections is an energy system with a unique
batterycharge ate and transmission capacitjhe optimal system with the lowest cost of computing has
25kW of transmission capacity and OkW charging or no battery.

Comp 40 KW, 2 bt Battery

50
5
00 25 50 15 100

Battery éharge/Discharge F{ate [kw]
Figure4.107 Typical axis labels, units, and values for the contour ploEgare4.11.

=1
a3

w

Max Transmission Rate (kW]

There are 20 contour ploils Figure4.11 represering the lifetime cost of computing for all 500 energy
system configurationdVhite markers have been included on the chart to indicate the minimum LCC for

each computer power and teayy capacity combination.
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Figure4.117 Results of the optimization showing LCC for 58fergy systems
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