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Figure 1. The INSPIRE+D co-simulation framework, including four parts. Thousands of single house energy models can be simulated in parallel through a
high performance computing (HPC) system.

Figure 2. A newly developed field demonstrator with twelve near-NZE
houses in southern Kentucky, which are modeled within the INSPIRE+D co-
simulation framework and validated with measured load data.

framework uses BEopt and EnergyPlus for building simula-
tions, which allow both fast house energy modeling as well as
dynamic instantaneous load simulation.

BEopt converts the geometric data and the schedules of the
appliances for the user-defined house to input data file (IDF),
which serves as the input for the EnergyPlus software. The IDF
is an ASCII file containing the data describing the building
to be simulated. EnergyPlus is capable of simulating domestic
energy usage to a time step of 1-minute. The Building Controls
Virtual Test Bed (BCVTB) is a software environment that
allows coupling different simulation programs [44], [45].

The proposed co-simulation framework is capable of run-
ning thousands of EnergyPlus processes in parallel in the
platform powered by the high performance computing (HPC)
system. The net power flow from all the houses form the
loads of the electric power system, which is simulated by
the OpenDSS software. Energy storage control algorithms
to achieve different objectives can be implemented in the
proposed INSPIRE+D framework, both at the single house
and distribution power system levels. The calculated energy
usage is validated using examples based on California Building
Energy Code Compliance (CBECC) and the near-NZE subdi-
vision in southern Kentucky (Fig. 2).

III. VALIDATION FOR HOUSE ENERGY MODELS

The INSPIRE+D co-simulation framework provides instan-
taneous home energy usage data, based on the floorspace,
occupancy, and ambient conditions, which enables testing of
the developed real-time control for advanced home appliances.
The building simulations are validated by comparing with
experimental data from field demonstrator homes in Southern
Kentucky. The calibration for the developed house energy us-
age models is carried out for three types of loads, respectively.
The three types of loads are: the HVAC system, which reflects
the influences of the external temperature; the EWH, as it is
of interest for the proposed hybrid energy storage system; and
the remaining loads.

The HVAC load depends on the nominal rating, thermostat
set-points, ambient temperature as well as building insulation
and materials. The EWH load is decided by the nominal power
rating, the set point, the deadband, and the hot water draw
of different equipment including clothes washer, dish washer,
shower, bath, etc.

Two weeks, one in summer and the other in winter are cho-
sen for the validation such that the house electricity consump-
tion and PV generation under different external environments
are fully represented.

The reference energy usage and PV generation for a single
house are from two different sites, California and southern
Kentucky. The home energy model for California is vali-
dated based on the weekly energy usage complying with
the California Building Energy Code Compliance Residential
Standards (CBECC-Res). The reference data is simulated from
the CBECC-Res 2019 software. The EnergyPlus (EP) house
model is validated as it has good agreement with the CBECC-
Res in both weekly and annually basis (Table. I).

The home energy model representing house in southern
Kentucky has good agreement with the experimental data in
weekly basis (Table. II). Due to the mild climate in Kentucky,
HVAC consumption throughout the whole year is fairly low.
It is worth noticing the electricity consumed by the EWH



Table I
WEEKLY AND ANNUAL ENERGY USAGE FOR AN EXAMPLE CALIFORNIA

HOUSE (KWH).

Load type Winter Summer Annual
CBECC EP CBECC EP CBECC EP

HVAC 11 12 294 292 5,625 5,628
EWH 59 59 23 23 1,664 1,679
Other loads 101 106 88 82 4,741 4,816
Total usage 170 177 404 398 12,030 12,122

Figure 3. Results from two building simulation tools on the daily and weekly
load for a typical 3-bedroom, 1.5 bathroom house calculated during a summer
week in California with CBECC-Res 2019 (top) and EnergyPlus(bottom).

for the house in the chosen summer week is very low. The
building simulation tools can be used to generate instantaneous
energy usage data over the day. Daily house load profiles
of the reference and simulated data in CA for the summer
week and KY for the winter week have satisfactory agreement
(Figs. 3 and 4). It may be noted that variations from the
measured instantaneous energy usage are introduced because
of consumer behavior. The energy usage from the CBECC-Res
2019 software has a) resolution of one hour, while the time
step for EnergyPlus is set to five minutes. The peaks from
EnergyPlus are averaged through a period of an hour, for the
purpose of comparison with the output from CBECC-Res, for
example at hour t:

Phour(t) =
∑

n=12
n=1 P5min(n) ⋅∆n

60
, (1)

where ∆n is the time step set to five minutes.
The measured house load data has the resolution of 15

minutes (Fig. 4). It may be noted that human behavior adds
randomness to the house load, which accounts for the differ-
ences between the measured and simulated schedules. Human
behavioral modeling and its effect on the load are beyond the
scope of this work.

IV. SIZING AND SCHEDULING FOR PV HYBRID ENERGY
STORAGE SYSTEM

The solar PV system capacity required to achieve NZE
operation was calculated from the simulated annual average

Table II
WEEKLY AND ANNUAL ENERGY USAGE FOR AN EXAMPLE KENTUCKY

HOUSE (KWH).

Load type Winter Summer Annual
Exp EP Exp EP EP

HVAC 214 225 64 66 2,603
EWH 42 40 8 9 1,829
Other loads 182 181 93 92 6,689
Total usage 439 446 164 168 11,121

Figure 4. Experimental (top) and EnergyPlus simulation data for a house
in southern KY in a winter week. The total weekly energy usage comply
satisfactorily.

energy usage, based on

∫ Pc(t)dt ⩾ EH , (2)

where Pc is the PV capacity; EH , the total annual energy
usage for the simulated house. The obtained PV system
capacities to meet NZE targets for the chosen 3-bedroom 1.5-
bathroom residence in CA, and the low-cost low-income house
in southern KY are at least 7.2kW and 6.5kW, respectively.
It may be noted that a solar PV system with a capacity
substantially exceeding the annual energy usage has a higher
probability of meeting the NZE mandate but may lead to a high
value of grid feed-in power during the middle of the day when
loads are low, and a large power demand in the evening, when
loads increase and PV energy reduces. This may potentially
cause the “duck curve”.

The EWH typically leads to repeating load peaks (Figs. 3
and 4). A residential battery can be sized and its operation
scheduled to maximize the home owner’s profitability by
absorbing power from the grid during low price periods, and
supplying the home loads when the electricity rate is high.
This would benefit the home owner. In another approach, the
battery can be sized and scheduled to minimize the peak-peak
grid power flow variation, which would potentially benefit the
utility company. As the focus in this paper is on mitigating the
technical challenges brought forth by large NZE communities,
the second sizing approach is discussed. The home electricity
spending under a ToU tariff is calculated to evaluate the
incentive for users to operate their energy storage systems to



Figure 5. Example power electronic interface for an NZE house. The battery
storage, electric water heater and PV array are interconnected with the DC
bus via a multi-port converter.

minimize the grid power fluctuation.
A battery may be charged during midday to absorb the solar

energy surplus, and be discharged later in the day to supply
the EWH load, to avoid the absorption of peak power from the
utility grid. In principle, a battery can be sized to mitigate the
“duck curve” and reduce the residential peak load, however,
its capacity and power rating would become prohibitively
high. A hybrid PV energy storage system, including both
battery and EWH controls is proposed. The EWH is a ‘uni-
directional’ energy storage, and it is expected that the solar PV
generation coordinated controls of this system would reduce
the residential peak load, and mitigate the “duck curve” issue
with a reduced battery size. The energy stored in the EWH is

∆Q = cm∆T = cm(TH − TL), (3)

where Q is the energy; c = 4.18J/(g ⋅ k), the specific heat
of water; m, the mass of water; ∆T the change of water
temperature.

The provision of mixing valves allows the water to be
maintained at a higher temperature, thereby increasing the
thermal capacity of the tank. Control parameters for the EWH
include the tank temperature. In this example, the highest and
lowest temperatures of water in the tank are set to 70°C and
50°C, respectively, ensuring the continued supply of hot water
as the required temperature is always achievable by mixing
cold water. The mass of water is fixed for a typical tank volume
of 50 gallons, which will service 3-4 people. Given the volume
of 50-gallons and deadband of 20°C, the EWH can only absorb
4.4kWh thermal energy.

The control of EWH is realized, for example, by the
proposed power electronic interface interconnecting the solar
panels with the HyPVESS and the utility grid (Fig. 5). A
multi-port converter inter solar PV panels, battery and variable
power EWH to the DC bus, which feeds a single phase inverter
connected to the utility and home loads. The converter is
configured such that power flow to the PV and EWH systems
is uni-directional. On the other hand, the power flow to the
battery is bi-directional. In order to provide for high hot water
draw, the EWH has both AC and DC elements, so that excess
hot water demand can be serviced directly from the grid.

The switch Spv is modulated such that the PV operates at

(a)

(b)

(c)

(d)

Figure 6. Battery and EWH schedules for the traditional case with a fixed
power water heater for a representative (a) summer day and (b) winter day in
California. Variable power water heater with controls co-ordinated with solar
power availability for the same (c) summer day and (d) a winter day.



Figure 7. New figure–Procedure for the sizing of HyPVESS, calculation for
electricity spending of NZE home and aggregated power of the distribution
system.

its maximum power point. The inverter switches S1 to S4

are controlled to supply power to the grid and home loads at
the specified voltage and frequency. The battery converter is
controlled to regulate the dc bus voltage. Operation of Sb1 and
Sb2 causes the battery to discharge and charge, respectively.
The EWH absorbs the desired power from the DC bus by the
modulation of Sewh. The converter allows the DC bus voltage
to be higher than that of the solar PV, battery and EWH.

In the traditional case, the EWH is generally equipped with
conventional controls, which leads to a peak load that might
not coincide with the peak of solar generation (Figs. 6 (a) and
(b)). On the other hand, the solar PV coordinated controls of
the EWH lead to the shifting of this load to a time in the
middle of the day when solar power is in abundance (Figs.
6 (c) and (d)). This reduces the required energy capacity
of the battery, which would otherwise have had to operate
in the charging mode to absorb all the surplus solar power.
Additionally, the use of a variable power EWH as opposed
to a fixed power type reduces peak loads, which leads to a
further reduction in the required energy and power ratings of
the battery.

It may be noted that the energy consumed by the EWH
depends on the hot water load, and is therefore the same
in both fixed and variable power EWH types. Negligible
heat loss, which is realized by good insulation, ensures the
same EWH energy consumption irrespective of the times at
which it operates, therefore, the operating schedule involves
distributing a fixed energy.

The procedure for the systematic sizing of the HyPVESS
is shown (Fig. 7). Following the modeling and calibration of
the house energy consumption model, representative design
days for summer and winter were chosen. Based on the PV
generation and energy usage data for the design days, the
differential evolution (DE) method was used for BES sizing
and the scheduling for BESS and EWH. Electricity spending
of individual NZE homes was calculated using the ToU and
buy back rate based on CA. The savings for individual homes
were analyzed comparing the different electricity spendings
caused by HyPVESS for the same house at the same day. The
benefits of HyPVESS at distribution power system level were

analyzed by comparing the peak power reduction.
The power balance for each home is expressed as

PM(t) = PPV (t) + PBES(t) ⋅ η + PR(t) ,

PR(t) = PEWH(t) + PR1(t) ,
(4)

where, PM(t) is the metered power; PPV (t), the PV power
generation; PBES(t), the battery power; η, the battery effi-
ciency (which, unless specified otherwise, is considered to be
100% considered for simplicity. A study of the real efficiency
effects is later on included); PR(t), the residential load power;
PEWH(t), the EWH load power; and PR1(t), the residential
load power excluding the EWH.

The ideal grid power flow would be constant throughout
the day, however, such profiles are not practical due to solar
power variability and peak loads. Therefore, each house is
considered to deliver or absorb constant power to and from
the grid for a certain time during the day in order to minimize
the grid power fluctuation, and mitigate issues related to solar
power variability Therefore, the power is fixed at two levels,
as defined below,

PM(t) =

⎧
⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

P1 0 ≤ t ≤ t1,

P2 t1 ≤ t ≤ t2,

P1 t2 ≤ t ≤ 24.

(5)

With two such power levels considered, only 4-parameters are
required to define PM(t), i.e. P1, P2, t1, t2. It may be noted
that when this analysis is combined maximum profitability
considerations, the metered power variation will change ac-
cordingly. The battery size and metered power would depend
on the weather conditions. In this study, two representative
summer and winter days are considered.

In the simulation, the battery is assumed to have the same
amount of energy in the end as the beginning. Upon the
integration of (4) over the whole day, taking the efficiency
η = 1 and setting ∫ PBES(t) ⋅ ηdt = 0 yields

∫ PM(t)dt = EPV +ER, (6)

where, EPV and ER are energy generation by the solar PV
system, and home energy usage over a day, respectively. Both
these terms are fixed for given weather and residential load
data, and thus, the term ∫ PM(t)dt can be calculated. This
can be used to eliminate one of the 4-parameters composing
the grid power definition using

∫ PM(t)dt = P1 ⋅ t1 + P2 ⋅ (t2 − t1) + P1 ⋅ (24 − t2). (7)

The variation in grid power flow is defined as

∆P = ∣P1 − P2∣. (8)

A multi-objective optimization problem using P1, P2 and t1 as
variables is set up. The objectives considered are minimizing
the battery energy capacity (CB), variation in grid output
power (∆P ), and maximum battery power (PB), as follows,

Min(CB ,∆P,PB), (9)


