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ABSTRACT

The U.S. has substantial wind power potential, but given wind’s intermittent availability and misalign-
ment with electricity demand profiles, large-scale deployment of wind turbines could result in high
electricity costs due to energy storage requirements or low utilization rates. While fuel switching and
heat pumps have been proposed as greenhouse gas (GHG) emissions and energy reduction strategies
at the building scale, this paper shows that heat pump adoption could have additional system-wide ben-
efits by increasing the utilization of wind-generated electricity. A model was developed to evaluate the
effects of coupling large-scale wind power installations in New York State with increased use of electric
heat pumps to meet a portion of space heating and domestic hot water (DHW) demands in New York
City. The analysis showed significant increases in wind-generated electricity utilization with increased
use of heat pumps, allowing for higher installed capacity of wind power. One scenario indicates that
78.5% annual wind-generated electricity utilization can be achieved with 3 GW of installed wind power
capacity generated electricity equal to 20% of existing NYC annual electricity demand; if 20% of space
heating and DHW demands are provided by heat pumps, the 78.5% utilization rate can be achieved with
an increase of total wind power capacity to 5 GW. Therefore, this integrated supply-demand approach
could provide additional system-wide emissions reductions.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

buildings and infrastructure; and limited space for equipment
installations. NYC is projected to require 33% of the total annual

Dense urban areas are often considered energy efficient because
individuals tend to use less energy than residents of suburban and
rural areas [1]. However, the cumulative effect in New York City
(NYC) and other urban areas is a large, concentrated energy
demand. The potential for in-zone renewable energy is limited in
urban areas due to high energy demands relative to geographical
size and land area; shading and microclimate effects from
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electricity demand (excluding transportation) for New York State
(NYS) in 2022 with NYC renewable energy resources representing
only 16% of the statewide technical potential and only 2.2% of what
is deemed economically viable statewide [2]. Therefore, integra-
tion of renewable energy into the larger electricity grid serving
NYC will be required to offset urban fossil fuel usage.

Renewable energy resources, such as wind and solar, are inter-
mittent: supply profiles do not necessarily align with demand pro-
files. As such, the need for energy storage to increase the utilization
of electricity generated has been widely accepted [3]. This can be
costly and render large-scale renewable energy deployments infea-
sible [4]. Further, these considerations ignore the dominant energy
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Nomenclature

A total NYC floor area for a particular building type (m?)

COPpyy domestic hot water heat pump coefficient of perfor-
mance

COPsy  space heating heat pump coefficient of performance

Dpase base electricity demand (MW h)

Dkos existing electricity demand over base load (MW h)

Dpuw electricity demand for additional DHW heat pumps
(MW h)

Dnyc New York City electricity demand (MW h)

Dsy electricity demand for additional SH heat pumps
(MW h)

Egria existing grid electricity utilized to meet demands
(MWh)

Egria.onw existing grid electricity utilized for DHW through addi-
tional electric heat pumps (MW h)

Egriarop  €xisting grid electricity utilized for existing electricity
demand over base load (MW h)

Egriasu  existing grid electricity utilized for SH through addi-
tional electric heat pumps (MW h)

Egriaror  total annual grid electricity utilized to meet demands
(MWh)

Evind wind-generated electricity utilized to meet demands
(MW h)

Ewinapyw Wind-generated electricity utilized for DHW through
additional electric heat pumps (MW h)

Ewinaeop Wind-generated electricity utilized for existing electric-
ity demand over base load (MWh)

Ewinasy  wind-generated electricity utilized for SH through addi-
tional electric heat pumps (MW h)

Eyinatoe  total annual wind-generated electricity utilized to meet
demands (MWh)

EHPs;  electric power draw of space heating heat pump (kW)

ESUPsy  electric power draw of supplemental space heating
(kW)

€rotal total annual carbon dioxide equivalent emissions from
building electricity and heating fuels (kg CO2e)

Feot total annual heating fuel usage (MWh)

fouw fraction of total fuel usage attributed to DHW

fsu fraction of total fuel usage attributed to SH

Gwind wind-generated electricity summed across all sites
(MW h)

Gwingtor  total annual wind-generated electricity (MW h)

LSwind electricity generated per wind turbine (MW h)

Hpuw domestic hot water demand (MW h)

Hsy space heating demand (MW h)

HD heating degrees under an 18 °C basis (°C)

HHPsy;  heating capacity of space heating heat pump (kW)

HSUPsy;  heating capacity of supplemental space heating (kW)

N total number of wind turbines

n number of turbines at an individual site

Nimax maximum number of turbines allowed at an individual
site

DpHW penetration of domestic hot water heat pumps as a per-
centage of the total space heating demand currently
from fossil fuels

DsH penetration of space heating heat pumps as a percent-
age of the total space heating demand currently from
fossil fuels

RHPsy  rated nominal heating capacity of space heating heat
pump (kW)

Tfuel GHG emissions rate for in-building fossil fuel combus-
tion (kg CO2e/MW h)

Terid GHG emissions rate for existing electricity grid (kg
CO2e/MWh)

T outdoor air temperature

Taesigcn  Space heating heat pump exterior design temperature
(°0)

Uwind wind-generated electricity utilization (%)

HpHw thermal efficiency of existing fossil fuel-burning domes-
tic hot water equipment

NsH thermal efficiency of existing fossil fuel-burning space
heating equipment

Nsup thermal efficiency of supplemental space heating

®pyyw  total annual domestic hot water fuel demand (MW h)

®pHW DHW fuel demand of a DOE Commercial Reference

Building model
Dgy total annual space heating fuel demand (MW h)

Doral total annual fuel demand (MW h)
Subscripts

h hour of simulation

i index of wind power site

j index of building type

demands in many cities: Space heating (SH) and domestic hot
water (DHW), particularly in residential buildings, which typically
depend on natural gas and other fossil fuels. The use of heat pumps
to meet significant greenhouse gas (GHG) emission reduction
targets is typically recognized in broad renewable energy policy
studies - including global [5], regional [6] and local [7] — but where
the potential effects on the overall feasibility of such integrated
approaches have been investigated, the curtailment of wind-gener-
ated electricity that occurs when large scale deployments are
added to an existing grid have not been realistically predicted
[8]. Metrics have been developed to evaluate the changes to the
alignment of supply and demand profiles with intermittent
resources, distributed generation and heat pumps [9], but the
resulting effects on wind-generated electricity utilization at differ-
ent levels of technology penetration warrant investigation. Further,
the performance of heat pumps, particularly air-source heat
pumps, is highly sensitive to exterior conditions [10]. Analyzing
these effects requires a temporal analysis that incorporates
weather data.

Strategies to better align supply and demand profiles and to
reduce the need for additional storage are desired. The annual
heating demand profile better aligns with the wind-generated
electricity profile than does the electricity demand profile. At the
individual household level, better correlation has previously been
identified between wind availability and heating demands than
between wind availability and electricity demands; this supports
the viability of a distributed system for individual households that
combined a wind turbine with a ground-source heat pump (GSHP)
[11]. Due to the limited in-zone renewable energy potential in
urban areas, this solution is likely limited to rural applications.
However, control strategies have been identified to integrate util-
ity-scale wind turbine deployments and electric heating loads into
electricity grids for both frequency control [12] and demand
response [13].

This paper discusses the analysis of approaches to shift heating
demands from on-site fossil fuel to electricity to improve the utili-
zation of utility scale wind power, reduce the cost of wind-gener-
ated electricity and reduce overall system GHG emissions. The
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implications of adding utility-scale wind-generated electricity to
existing electricity grids [14] and broad potential for demand-side
implications [15] have also been evaluated separately. The use of
large-scale heat pumps for district heat applications has also been
analyzed [16].

The aim of the research presented in this paper is to evaluate
the effects of coupling large-scale wind power installations with
increased use of electric heat pumps to meet a portion of SH and
DHW demands.

2. Methodology

A deterministic model was developed in Matlab [17] to perform
an hourly analysis of electricity supply and demands for various
levels of wind turbine deployment and heat pump penetration.
The hourly energy demands of NYC, the performance of wind tur-
bines, and the effects of increased use of electric heat pumps on
wind-generated electricity were simulated. The model was ana-
lyzed for scenarios in which only SH heat pumps were included,
in which only DHW heat pumps were included, and in which a com-
bination of heat pumps for SH and heat pumps for DHW were eval-
uated. Wind-generated electricity was simulated as being available
to meet three distinct electricity end use demands: Existing elec-
tricity demand over base load (Dggp), electricity demand for addi-
tional SH heat pumps (Dsy) and electricity demand for additional
DHW heat pumps (Dpuw). The hourly wind-generated electricity
utilized (E,ying,p) is given by the sum of the wind-generated electric-
ity utilized for each of these end uses at each hour, h:

Ewinah = Ewind.eon + Ewindsa.n + Ewind paw h (1)

Eindrosn: hourly wind-generated electricity utilized for exist-
ing electricity demand over base load (MW h).

Ewindasun: hourly wind-generated electricity utilized for SH
through additional electric heat pumps (MW h).

Einda.pnw,n: hourly wind-generated electricity utilized for DHW
through additional electric heat pumps (MW h).

At each hour, any electricity demand not met by wind-gener-
ated electricity is met by the existing electricity grid:

Egrian = Dbase + Egria.coBn + Egria.stih + Egrid pHw (2)

Egrian: hourly existing grid electricity utilized to meet electricity
demands (MW h).

Dpase: base electricity demand (MW h).

Egriacos,n: hourly existing grid electricity utilized for existing
electricity demand over base load (MW h).

Egria s n: hourly existing grid electricity utilized for SH through
additional electric heat pumps (MW h).

Egria,pnw,n: hourly existing grid electricity utilized for DHW
through additional electric heat pumps (MW h).

The constituents of Eyinqn and Egrgpn are described in Sections
2.2 through 2.4.

All data required for the analysis described in this paper is avail-
able for the years 2005 and 2006. We performed the analysis for
both 2005 and 2006; however, the analysis using 2005 data is pre-
sented and discussed in this paper. The focus of this study was the
potential changes in wind-generated electricity utilization from
incorporating additional SH and DHW demands into the NYC elec-
tricity demand. The 2005 heating season was more representative
of a typical year than was 2006: According to the New York State
Energy Research and Development Authority (NYSERDA), a “Nor-
mal” New York City year has 4777 heating degree days (HDD);
2005 had 4707 HDD and 2006 had 3690 HDD [18]. Weather data
for NYC Central Park station was used [19].

2.1. Wind-generated electricity model

The annual electricity output of wind turbines is less than the
rated power output due to diurnal, seasonal and other climate
effects. As such, a temporal model is needed to evaluate the impact
of electricity generated from utility-scale wind turbine
installations.

The performance curve of a commercially available 3 MW wind
turbine [20] and a U.S. National Renewable Energy Laboratory
(NREL) dataset containing 10-min interval simulated wind speeds
for 66 sites in NYS during 2004-2006 [21] were used to calculate
hourly electricity generated per wind turbine (gfﬂi/)ind_h at each site,
i. The NREL study also identified the maximum number of wind
turbines that could be deployed at each site (ax.)-

A linear program model was developed that, for a given total
number of turbines (N), calculates the number of 3 MW wind tur-
bines at each site (n;) in order to maximize the total annual wind-
generated electricity (Gyind tot):

66 _
Max Guinaor = Y i X Gty 3

i=1 h

where n; is the decision variable, representing the optimum distri-
bution of a finite number of wind turbines under the constraints
of the maximum number of wind turbines at each site and the total
number of turbines across all sites:

0 < Ny < Mypayi (4)
66
> m<N (5)
i=1

The hourly wind-generated electricity, summed across all tur-
bines at all sites for the given level of wind power penetration, is
then calculated by:

66
Gwind,h = Zni X g\(yind.h (6)

i=1

2.2. NYC electricity demand

The annual electricity demand profile was generated from the
New York Independent System Operator (NYISO) integrated
real-time load data for Zone ] (NYC) [22]. Fig. 1 shows the annual
electricity demand profile for NYC.

NYC Electricity Demand (GW)

3 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Hour

Fig. 1. Hourly electricity demand.
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The NYC electricity demand at each hour (Dyyc) was separated
into the base electricity demand (Dpgs.) and electricity demand
over base load (Dgogp):

Dnych = Dbase + Drosn (7)

Dpase, assumed to be the minimum hourly demand and the same at
each hour, was 3813 MW h. The peak Dgop, was 7349 MW h (i.e.
the peak Dyycyp was 11,162 MW h). Wind-generated electricity in
the model first serves the hourly Dgop p:

Guwindhs  Gwindn < Dgosn

Ewind,EOB.h = { (8)

Deogns  Gwindn > Drosn

Any remaining Dgog is met by the existing electricity grid:

Egrid‘EOB.h = DEOB.h - Ewind,EOB.h (9)

2.3. NYC heating demands

The total annual heating fuel demand (@), available from
the New York City Greenhouse Gas Inventory [23], was split into
total annual SH fuel demand (dsy) and total annual DHW fuel
demand (®pyy) based on NYC fuel use splits and total floor area
by building type [24]:

fsnj < Aj
Dy = % % Oeotal (10)
; i X Aj
Opyw = % X Qg (11)

A;: total NYC floor area for building type, j (m?).

fsuj: fraction of total fuel usage attributed to SH for building
type, j.

fonw,: fraction of total fuel usage attributed to DHW for
building type, j.

Using data from [23] and [24], ®sy and ®Dpyy, Were calculated
to be 91.20 TW h and 23.46 TW h, respectively.

This analysis was used to investigate the effects of switching SH
and DHW from on-site fossil fuels to on-site electric heat pumps
powered from the grid. As such, “total annual SH demand” and
“total annual DHW demand” refer only to that SH and DHW
demand provided by burning fossil fuels on-site. Any existing
electric heating is included in the existing electricity demand.

2.3.1. NYC space heating demand
The hourly heating degrees under an 18 °C basis (HD,,) were cal-
culated based on hourly outdoor air temperatures for NYC (T):

18 —Ty, Th<18

0, Th > 18 (12)

HD,,:{

The hourly SH demand (Hsy,n) for NYC was calculated using:

HDy,
> nHDy

The thermal efficiency of existing fossil fuel-burning SH
equipment (#sy) was assumed to correspond to the minimum per-
formance for U.S. Environmental Protection Agency (EPA) Energy-
Star-compliant equipment. An 85% SH efficiency was assumed
based on the annual fuel utilization efficiency (AFUE) for a natural
gas-fueled boiler [25]. The AFUE of space heating equipment is
determined through laboratory tests simulating cyclic and part-
load operating conditions to provide a performance metric that
incorporates seasonal and operational effects [26]. Fig. 2 shows

(13)

Hspp = sy X Psy x

45

40
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25

NYC Space Heating Demand (GW)

LI

0 1000 2000 3000 4000 5000 6000 7000 $000
Hour

Fig. 2. Hourly space heating demand.

the hourly SH demand. The total annual SH demand was calculated
to be 77.5 TW h and the peak hourly SH demand was calculated to
be 40.0 GW h.

2.3.2. NYC domestic hot water demand

Eq. (14) and the hourly DHW demand profiles of the U.S.
Department of Energy (DOE) Commercial Reference Buildings
[27] were used to calculate the hourly DHW demand (Hpyw,) for
NYC by running the DOE-developed models in the building energy
simulation tool EnergyPlus [28]. The simulation results contain the
DHW fuel demand (¢pyw) at each hour, h, for the building type
simulated, j. The hourly DHW fuel demand was then weighted by
total NYC floor area for each building type as per Eq. (14). The Ref-
erence Building models of the following building types were used:
Midrise Apartment model for all NYC multifamily residential build-
ing floor area, Large Office model for all NYC office building floor
area, Secondary School model for all NYC educational building floor
area and Hospital model for all NYC health care facility floor area.
The hourly DHW demand for 1-4 family residential buildings was
assumed to scale linearly with the hourly DHW demand for multi-
family residential buildings.

> i Porwjn < Ai

Hopmw n = X Dppyy x —odLDAW 7T (14
it = Hotw o 2on2_iPorwin X Aj )

The thermal efficiency of existing fossil fuel-burning DHW
equipment (#pyw) was assumed to be 67%, which corresponds to
the minimum energy factor (EF) of EnergyStar-compliant natural
gas-fueled storage water heaters [25]. EF is a measure of overall
thermal efficiency of a water heater intended to reflect operational
and storage effects and is determined through testing in accor-
dance with a DOE-specified test procedure [29]. The total annual
DHW demand was calculated to be 15.8 TW h and the peak hourly
DHW demand was calculated to be 3.93 GW h. Fig. 3 shows the
hourly DHW demand profile for a winter day (February 1st) and
a summer day (August 1st). These two daily profiles are shown
because the diurnal effects are difficult to discern from an annual
plot; however, the figure also shows the higher DHW demand in
the winter, though the seasonal differences are smaller than for
the space heating demand.

2.4. Heat pump analysis
The coefficient of performance (COP) of an electric heat pump is

the ratio of its heating capacity to the electricity required to
operate it. The analysis discussed in this paper assumed all heat
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Fig. 3. Hourly DHW demand profile for winter day (February 1st) and summer
day (August 1st).

pumps to be air-cooled to provide a conservative evaluation of
their performance at low exterior temperatures. As such, the COP
of the heat pumps in the model varied with exterior temperature.

2.4.1. Electric heat pumps for space heating

The heating capacity and electricity input of a commercially
available, split-system, direct expansion (DX) electric heat pump
[30] was used in the SH analysis. The electric heat pump used in
the analysis is available in four sizes with rated nominal heating
capacities (RHPsy) of 7.03 kW, 10.6 kW, 14.1 kW and 17.6 kW. For
each size, the manufacturer’s published data includes the heating
capacity (HHPsy) and electric power draw (EHPsy) of the tested sys-
tem for each combination of three interior temperatures and eight
exterior temperatures (T,). To develop the exterior temperature-
dependent variable COP, indoor temperatures were assumed to
be 21.1 °C.

The performance data published by the manufacturer includes
the effects of heating required to defrost the outdoor coil at very
low ambient temperatures, but does not include any supplemental
heat that may be required to meet the heating demand at these
temperatures (HSUPsy) or the electric power draw of the supple-
mental heat (ESUPsy). The SH heat pump model used in this anal-
ysis includes a correction for supplemental heat that would be
required at low exterior temperatures because of reduced heat
pump COP and possible insufficient capacity at these tempera-
tures. The SH heat pump COP, including the effects of supplemental
heat, (COPsy) for each RHPsy at each T, were determined by:

_ HHPg;(RHPsy, Ty) + HSUPs; (RHPs, T)

COPsy (RHPs, To) = EHPsy;(RHPg, T,) + ESUPsy (RHPsy, T, )

(15)

For the heat pump analysis, the system was assumed to be sized
using the published heating capacity for —8.3 °C exterior air
(T4esign)- Supplemental electric resistance heating, with a thermal
efficiency (#,p) of 1, was assumed to be required below this tem-
perature, scaling linearly with HD as per the SH demand described
in Section 2.3.1:

07 To = Tdesign
HSUPs (RHPs11,To) = { pipir -y * HHPsi(RHPsty, Taesign)

_HHPSH (RHPSH7T0)7 To < Tdesign
(16)
ESUPsu(RHPsy, To) = 1, x HSUPsy(RHPsy, To) (17)

Table 1
Space Heating Heat Pump COP.

Exterior temperature (°C) Space heating COP

-19.4 1.27¢
-13.9 1.57¢
-83 242
-2.8 2.73

2.8 333
8.3 4.45
13.9 5.16
19.4 5.84

¢ Includes supplemental electric resistance heating.

Table 2
Domestic hot water heat pump COP.
Exterior temperature (°C) DHW COP
<7.2 1.00°
7.2 1.96"
8 2.00
14 2.30
20 2.54
25 2.67
29.5 2.86
35 3.05
40.5 3.17
2 Water heater operates in electric resistance heating
mode.
b COP extrapolated from tested values at 8°C and
14 °C.

This provides a conservative estimate of the supplemental heat-
ing required as Tgesign is lower than the typical NYC design condi-
tion and the supplemental heating model ignores the safety
factors used by design engineers in sizing heating equipment.

Table 1 shows the average COP of the four heat pump sizes at
each exterior temperature, calculated using Eqgs. (15)-(17). The
COP at each hour (COPsy ) was determined through linear interpo-
lation of the values in Table 1 based on the exterior temperature
(Tp) in the weather data.

For each level of SH heat pump penetration (psy) simulated, the
hourly electricity demand for space heating heat pumps (Dsp ) was
calculated as:

B Hsy p
DSH.h - pSH X COPSH‘h (18)

Wind-generated electricity available after meeting the existing
electricity demand is available to meet a portion of the NYC SH
demand if SH heat pumps are present in the model:

Guwindh — Ewindgon,  Gwindh — Ewina coBh < Dstp

Ewindsun = { (19)

Dspip, Gwindn — Ewindg.eon > Dstip

Any remaining SH heat pump electricity demand is met by the
existing electricity grid:

Egriastin = Dstin — Ewind.stn (20)

2.4.2. Electric heat pumps for domestic hot water

A model of a commercially available hybrid electric heat pump
storage water heater was used in the analysis. The water heater is
considered a hybrid system because the water is heated by a DX
heat pump at exterior temperatures of 7.2 °C or higher and by elec-
tric resistance heating at exterior temperatures below 7.2 °C. The
performance characteristics of the water heater were based on lab-
oratory testing by NREL [31]. The COP also varies with storage tank
water temperature; a tank water temperature of 50°C was
assumed to assign the values in Table 2. The COP at each hour
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(COPpyw,n) was determined through linear interpolation of the
values in Table 2 based on the exterior temperature (T;) in the
weather data.

For each level of DHW heat pump penetration (ppyy/) simulated,
the hourly electricity demand for space heating heat pumps
(Dpuw,n) Was calculated as:

HDHWh
D = e 21
DHW.h = Ppuw X COPprwn (21)

Wind-generated electricity available after meeting the SH heat
pump demand is available to meet a portion of the NYC DHW
demand if DHW heat pumps are present in the model:

Gwindh — (Ewind.eoBh + Ewind;stin)s

Gwindh — (EwinacoBh + Ewindstn) < Dpaw i

Evind prwn = (22)

Dpnw
Gwindh — (Ewina.zo8h + Ewindstn) > Dprw

Any remaining DHW heat pump electricity demand is met by
the existing electricity grid:

Egrid‘DHW.h = DDHW.h - Ewind,DHW‘h (23)

Any excess wind-generated electricity after this step is consid-
ered not utilized or “spilled”.

2.5. Wind-generated electricity utilization calculations

The primary performance characteristic calculated for each
scenario was the wind-generated electricity utilization (U,ing):
The percentage of the total annual wind-generated electricity used
to meet existing electricity demand and additional SH and DHW.
The total annual wind-generated electricity (Gyind o) and the total
annual wind-generated electricity utilized (Eyindcoc) are given by
the summation of the respective hourly values:

Gwind,rot = ZGwind,h (24)
h
Ewind.tot = ZEwind,h (25)
h
Uwing is given by:
E.;
me _ wind,tot 26
¢ Gwind.to[ ( )

2.6. Emissions calculations

A full understanding of the effects of integrating new generators
and demand profile changes requires a robust network model.
However, for initial comparative purposes, a simplified emissions
analysis was performed for each scenario analyzed.

The total annual electricity demand met by the existing grid
(Egridror) is given by the summation of the hourly demand met by
the existing grid (Egrign):

Egriacor = Y _Egrian (27)
h

The total annual fuel usage (F,,) is given by the sum of the heat-
ing fuel usage for SH and DHW:

Fror = (1 = psy) x @sy + (1 — Ppyw) x Pouw (28)

The total carbon dioxide equivalent (CO2e) emissions (€;o¢qr)
were calculated for all electricity and heating fuel (SH and DHW)
demands using an average existing electricity grid GHG emissions
rate (rgrig) and an average in-building fossil fuel combustion GHG
emissions rate (rje):

Crotal = Tgrid X Egrid‘tut + Tfuel X Fot (29)

The average emissions rate for the 2010 electricity grid serving
New York City was used for rgig: 316.11 kg CO2e/MW h [23]. A
weighted average fossil fuel emissions rate, based on the 2010
NYC fossil fuel usage [23], was used for rpe: 206.52 kg CO2e/
MW h. (rje is given per MW h for consistency with electricity
units. In more common units for fuel-related emissions, this
equates to 57.367 kg CO2e/G]J.)

3. Results and discussion

The analysis described above was performed for various levels
of installed wind power capacity and penetrations of electric heat
pumps replacing fossil fuels. Heat pumps were simulated for SH
alone, for DHW alone and for both SH and DHW.

3.1. Wind-generated electricity

Fig. 4 shows the total annual wind-generated electricity
(Gwind,tor) and capacity factor (CF) for total wind power capacity
up to 17.0 GW. This wind power capacity produces a Gying,tor, €qual
to the total annual NYC electricity demand. The CF is the ratio of
the total annual wind-generated electricity to the maximum
electricity that would be generated if the turbines operated at
maximum capacity at all times.

As the total wind turbine capacity increases, the CF of the wind
turbine network decreases and the relationship between installed
capacity and annual output is not linear. This is due to the optimi-
zation analysis first placing wind turbines at the sites with the
highest annual per turbine wind-generated electricity potential,
and as an increasing number of turbines are required, placing wind
turbines at sites with lower wind speeds. Therefore, as the number
of wind turbines increases, the average annual wind-generated
electricity per turbine decreases.

3.2. Existing electricity demand

The existing electricity demand met by wind-generated
electricity in this analytical approach is independent of electric
heat pump penetration. Fig. 5 shows the wind-generated electric-
ity utilization rate, Uying, versus Gyingror- (Note that the top x-axis
does not scale linearly with the bottom x-axis per the relationship
shown in Fig. 4.)

Uwing in the analysis decreases with increasing wind power
capacity. The effect in actual installations would be lower
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‘Wind-Generated Electticity

Capacity Factor
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041 ~a

- 402
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Fig. 4. Wind-generated electricity.
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Fig. 5. Wind-generated electricity utilization to meet electricity demand over base
load vs. total rated wind power capacity.

system-wide GHG emissions reductions without the use of energy
storage. The cost of dedicated energy storage systems or the excess
electricity generation implied by the results shown in Fig. 5 would
result in higher per unit wind-generated electricity costs than if all
wind-generated electricity could be used to meet existing electric-
ity demands.

3.3. Electric heat pump simulations

Fig. 6 shows Uying versus Gyingor for various levels of SH heat
pump penetration (psy).

Replacing fossil fuel-burning SH systems in the model with
electric heat pumps significantly increases the wind-generated
electricity utilization rate. For example, if sufficient wind power
capacity (3.05 GW capacity) were installed to generate electricity
equivalent to 20% of the annual NYC electricity demand, the
analysis indicates that U,,;;q would increase from 78.5% under the
base scenario to 88.3% if psy equaled 20%. Rather than evaluating
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Fig. 6. Wind-generated electricity utilization to meet electricity demand over base
load and various levels of space heating demand using electric heat pumps.
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Fig. 7. Wind-generated electricity utilization to meet electricity demand over base
load and various levels of DHW demand using electric heat pumps.

an increase in utilization rate at a specific wind power capacity,
potential investors or policymakers may set a target utilization rate
in evaluating the economics of a project or policy. If the 78.5%
utilization rate of the previous example was targeted and psy
equaled 20%, the analysis indicates that total wind power capacity
could be increased from 3.05 GW to 4.54 GW.

Fig. 7 shows Uyying versus Gyind tor for various levels of DHW heat
pump penetration (ppyw)-

If sufficient wind power capacity (3.05 GW capacity) were
installed to generate electricity equivalent to 20% of the annual
NYC electricity demand, the analysis indicates that U,;,q would
increase from 78.5% under the base scenario to 81.9% if ppyw
equaled 20%. If a 78.5% utilization rate was targeted and ppyw
equaled 20%, the analysis indicates that total wind power capacity
could be increased from 3.05 GW to 3.54 GW.

Although the DHW demand is significantly less than the SH
demand, increases in total DHW heat pump capacity can improve
the viability of large-scale wind power deployment. More moder-
ate annual fluctuations in DHW demand, compared to the SH
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load and various levels of space heating and DHW demand using electric heat
pumps.
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Table 3
Selected scenarios with total wind-generated electricity equivalent to 20% of annual NYC electricity demand.
Scenario Percentage of wind-generated electricity utilized Percentage of following demands met  Total rated wind power Emissions
for following demands: by wind power: capacity (GW) reduction® (%)
Existing Space DHW  Total Existing Space DHW
electricity (%) heating (%) electricity (%) heating
Base Scenario® 78.5 N/A N/A 78.5 15.7 N/A N/A 3.05 6.6
20% HPs: space 78.5 9.8% N/A 88.3 15.7 5.02% N/A 3.05 13.0
heat”
20% HPs: DHW®  78.5 N/A 3.5% 819 15.7 N/A 3.54% 3.05 7.5
20% HPs: space
heat+
DHW! 78.5 9.8% 1.6%  89.9 15.7 5.02% 1.99% 3.05 13.9

2 Wind-generated electricity serves existing electricity demand only; no additional SH or DHW heat pumps.

b
c
d
e

20% of existing fossil fuel space heating replaced with electric heat pumps; no additional DHW heat pumps.
20% of existing fossil fuel DHW capacity replaced with electric heat pumps; no additional SH heat pumps.
20% of existing fossil fuel-burning space heating and DHW capacity replaced with electric heat pumps.
Total electricity and heating fuel emissions reduction relative to case with no wind power or heat pumps.

Table 4
Selected Scenarios With 78.5% Wind-Generate Electricity Utilization Target.
Scenario Percentage of wind-generated electricity Percentage of following demands met Total rated wind power Emissions
utilized for following demands: by wind power: capacity (GW) reduction® (%)
Existing Space DHW Total Existing Space DHW
electricity (%) heating (%) electricity (%) heating
Base scenario® 78.5 N/A N/A 78.5 15.7 N/A N/A 3.05 6.6
20% HPs: space heat” 66.8 11.7% N/A 78.5 19.5 8.36% N/A 4.54 15.2
20% HPs: DHW* 74.5 N/A 4.0% 785 17.2 N/A 4.63% 3.54 8.1
20% HPs: space 63.8 11.9% 2.8% 785 20.4 9.15% 4.86% 4.99 16.6
heat + DHW*
2 Wind-generated electricity serves existing electricity demand only; no additional SH or DHW heat pumps.
P 20% of existing fossil fuel space heating replaced with electric heat pumps; no additional DHW heat pumps.
€ 20% of existing fossil fuel DHW capacity replaced with electric heat pumps; no additional SH heat pumps.
4 20% of existing fossil fuel-burning space heating and DHW capacity replaced with electric heat pumps.
e

demand, may provide a more consistent use for wind-generated
electricity. Fig. 8 shows the effects of simulating both SH and
DHW heat pumps.

If sufficient wind power capacity (3.05 GW capacity) were
installed to generate electricity equivalent to 20% of the annual
NYC electricity demand, the analysis indicates that U,;,q would
increase from 78.5% under the base scenario to 89.9% if both psy
and pppw equaled 20%. If a 78.5% utilization rate was targeted
and both psy and ppyw equaled 20%, the analysis indicates that
total wind power capacity could be increased from 3.05 GW to
4,99 GW.

3.4. Case comparison and emissions reduction

Table 3 summarizes pertinent results for scenarios in which
sufficient wind power capacity (3.05 GW capacity) is installed to
generate electricity equivalent to 20% of the annual NYC electric
demand.

Because of the high emissions associated with burning fossil
fuels on-site for SH, a relatively small portion of the heating
demand met by wind can result in significant emissions reduc-
tions. This is due to two effects: (1) Wind-generated electricity
being used by the heat pumps and (2) the lower emissions due
to a switch from on-site fossil fuel combustion with an electric
heat pump connected to the electricity grid, regardless of the lower
grid emissions due to wind power. The lower relative reduction
attributable to DHW heat pumps is likely the result of several fac-
tors, including lower COP (compared to SH heat pump COP) and

Total electricity and heating fuel emissions reduction relative to case with no wind power or heat pumps.

the more consistent DHW demand throughout the year (compared
to the SH demand that is highest during the peak wind seasons).

Table 4 summarizes pertinent results for scenarios in which the
78.5% utilization rate of the previous cases was set as a perfor-
mance target. The heat pump penetration levels remain the same
as those in Table 3.

Including heat pumps in the model with a target overall utiliza-
tion rate allows for increased total wind power capacity. This
increases the total amount of existing electricity demand met by
wind-generated electricity. The increased wind power capacity
allowed at the same wind-generated electricity utilization rate
provides additional emissions reductions. Therefore, the results
of this study indicate that increased heat pump penetration cou-
pled with increased wind power capacity not only directly
improves the emissions performance of the existing electricity grid
and building heating requirements, but can have indirect system-
wide benefits.

4. Conclusions

Increased use of electric heat pumps for space heating and
domestic hot water can improve the viability of large-scale wind
power deployments. The GHG emissions reductions associated
with wind power have been well documented, and the potential
for GHG emissions reductions from replacing fossil fuel-burning
heating equipment with electric heat pumps have been
commented on elsewhere. The research presented in this paper
shows the effects of an integrated supply-demand approach and
that additional system-wide benefits could be achieved by
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coupling large-scale wind power deployment with the use of elec-
tric heat pumps for space heating and domestic hot water.

The need for dedicated energy storage or wind-generated elec-
tricity “spilling” is reduced with increased use of electric heat
pumps. By increasing the utilization of wind-generated electricity
for the same scale of deployment (i.e. the same installed wind
power capacity), fewer GHG-emitting resources would need to be
used to meet energy demands. Therefore, increased penetration
of electric heat pumps may reduce system-wide emissions more
significantly than previously considered.

The cost of wind-generated electricity is dominated by capital
costs, and the per unit cost of wind-generated electricity is depen-
dent on the utilized portion of electricity generated: An increase in
wind-generated electricity utilization decreases the per unit cost of
wind-generated electricity. As such, the increased penetration of
electric heat pumps may reduce the cost of wind-generated
electricity.

In the event a policy or project evaluation has a specific target
wind-generated electricity utilization rate, the use of electric heat
pumps may significantly increase the wind power capacity that
can be installed at the target utilization rate. Coupling the
increased use of electric heat pumps with wind power under this
scenario can provide additional system-wide emissions reductions.
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