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Abstract

Electric utilities build generation capacity to meet the highest demand period, and they often pass
on the costs associated with these peaking generators to building owners through demand charges.
Building owners can minimize these demand charges by shifting energy use away from peak
periods with behind-the-meter storage. This storage can include batteries, which can directly shift
the metered load, or thermal energy storage, which can shift thermal-driven electric loads like air
conditioning. However, there is a lack of research on how best to combine battery and thermal
energy storage. In this study, we develop an analytical sizing method to calculate the potential
demand reduction and annualized cost savings for different combinations of thermal and battery
energy storage sizes. We show that adding batteries to a thermal energy storage system can
increase the total system’s load shaving potential. This is particularly true when the building has
onsite photovoltaic generation or electric vehicle charging, which add significant variability to the
load shape. We also show that for a given total storage size, selecting a higher fraction of thermal
energy storage can significantly lower the cycling of the battery, and therefore extend the battery
life. This, combined with the expected lower first cost of thermal energy storage materials
compared to batteries, shows that hybrid energy storage systems can outperform a standalone
battery or standalone thermal storage system. Assuming the thermal storage has a capital cost 6x
lower than the battery, our analysis shows that the optimal system is 71% thermal energy storage
and 29% battery energy storage for a scenario with electric vehicle charging. The annualized cost
savings for this system are $48.6k/yr, whereas an equivalently sized standalone thermal energy

storage system would provide annualized cost savings of $28.5k/yr and a standalone battery would
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lead to savings of $8.72k/yr. The hybrid system also reduces battery cycling by 52% compared to

a standalone battery, extending battery lifetime.

1. Introduction

Buildings account for 75% of U.S. electricity consumption and 40% of total U.S. energy
consumption [1]. Building cooling drives electric peak demand in summer and this is expected to
become more challenging due to anticipated growth of onsite photovoltaics (PV) and electric
vehicle (EV) charging. For example, Colorado has a goal to have almost 1 million EVs by 2030
[2] and California plans to have 250,000 EV charging stations by 2025 [3]. The increased load
from these EV chargers, along with increased renewable energy capacity, will drive the need for

flexible resources to balance supply and demand on the electric grid.

Energy storage is expected to play a significant role in mitigating high electric demand charges,
including behind-the-meter storage, in which assets used for energy shifting and demand
management are owned and controlled by the customer. Behind-the-meter storage can include
electrochemical battery energy storage (BES) and thermal energy storage (TES); however, there
are no standard methods to guide the process of selecting, sizing, or controlling these two assets
together to maximize energy cost savings. While many studies have developed approaches for
optimizing a single storage type, relatively few have considered the tradeoffs and benefits from

using a hybrid battery/TES system.

Battery costs are declining, but batteries still tend to be more expensive than a comparable TES
system due to higher capital expense, faster life-cycle degradation, and potentially higher operation
costs [4]-[7]. Batteries are considered more flexible since they directly meet the electrical load for
which the consumer is billed [8]. In contrast, TES uses less expensive materials than batteries and
has the potential to have a lower first cost [9], but can only be used to address thermal loads. Since
cooling drives peak demand on the grid and typically coincides with the highest electricity rates,
cold TES can still make significant contributions to peak management. These differences between

batteries and TES make any direct comparison or operating decision challenging.
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Battery control and sizing have been the subject of substantial research, both in terms of grid- and
customer-side load management using both optimization and rule-based approaches as
summarized in numerous review papers (e.g., [10]-[13]). In behind-the-meter TES, research has
focused on smart controls, new materials development, systems integration, and performance for
both cooling and heating applications ([14]-[18]). These systems can use sensible storage capacity
in water tanks or concrete, and solid-liquid phase change materials (PCMSs). There are many review

articles summarizing the state of the art of TES for cooling applications (e.g., [14], [16], [19]-
[21]).

A few researchers have considered combinations of batteries and thermal energy storage and relied
on optimization algorithms that tend to require large computational resources. For example, Hu et
al. paired a battery with ice storage for a district cooling system in Singapore and used mixed-
integer linear programming (MILP) and model-predictive control to size and control the hybrid
system [22]. Niu et al. investigated the use of batteries with flexible air conditioners by using
building thermal mass. Their MILP model used a forecast of the cooling demand to minimize
operating costs under a time-of-use rate structure [23]. Meinrenken and Mehmani found that
combining batteries with controllable air conditioners by using building thermal mass reduces peak
demand for a multi-zone office building in New York by 26% and electricity costs by 11% [24].
Vedullapalli et al. optimized the heating and cooling setpoints and battery controls to minimize
electricity costs for a small office in Charleston, SC using MILP and model predictive control
[25]. Wang et al. numerically combined a battery with a chiller and cold-water tank, showing the
effects of downsizing the systems and improving efficiency [26]. Hu et al. analyzed an office
building and showed that adding a chilled water storage tank for air conditioning reduces the
required battery capacity by 85% [5]. They used the battery for frequency regulation and the
thermal storage as a contingency reserve for the grid. Borland et al. showed that an experimental
residential home in Hawaii could reduce the grid-purchased electricity by 94% by adding PV,
battery, and thermal storage [27].

This previous research shows the potential for hybrid energy storage systems compared to a
single-type storage system. However, there are several limitations. Most studies focused on a
particular installation and did not explore different combinations of thermal and battery energy

storage sizes. Many studies simply added a thermal storage and determined how much smaller
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the battery could be. Cases considering building thermal mass only analyzed one TES size, as the
size is fixed by the mass of the building materials. Some studies consider onsite PV, but none
consider how the significant increase in EV charging at buildings will impact the tradeoff
between battery and TES.

Optimization results can be difficult to generalize, and the influence of different factors must be
analyzed on a case-by-case basis. Furthermore, the majority of these software tools use MILP, so
physical phenomena must be linearized, which could impact the fidelity of results. By
comparison, analytical techniques can obtain similar solutions with lower programming and
computational overhead. Analytical techniques can complement optimizations by addressing
some of the potential drawbacks described above, especially in directly relating inputs and
outputs in concise formulations and capturing nonlinear phenomena by integrating high-fidelity
physics-based models that do not need to be linearized. For example, Wu et al. demonstrate a
promising analytical approach to sizing batteries and obtain a solution within 1% of the
optimization-based result [28]. Their approach analyzes the peak day and compares the
incremental utility cost savings with the incremental capital costs to find the maximum useful
battery size. Thus, the authors directly relate the pseudo-optimal power and energy capacities to
the load profiles, utility rate structures, and capital costs. However, the author’s approach is only

applied for a standalone battery.

In this study, we propose a simple method for sizing a hybrid battery/TES. We compare the
annualized cost savings of hybrid storage systems with systems that include only a battery or only
a TES. The novel contributions of this paper are: (1) a new analytical and flexible technique for
sizing and identifying the idealized dispatch for hybrid and standalone storage systems, which does
not depend on complex optimization algorithms, (2) analytical evaluation of the performance of
hybrid energy storage systems, compared to a battery alone or TES alone to illustrate the tradeoffs
and synergies of battery and TES, and (3) analysis on how onsite PV generation and extreme-fast
EV charging influence the load profile shape (i.e., the load duration curve) and the sizing of hybrid

energy storage systems.

4

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Controller

Aggregated
Load

Solar Array

Battery
Storage

LA

«/}\"' B Building
Electric Met
ectric Meter Charges
Electric Vehicle
Grid

Figure 1: Reprensentation of the the analytical sizing method presented in this study, demonstrated with a simulated

big-box grocery store, EV charging, PV generation, and behind-the-meter battery and thermal energy storage

2. Methods

This section introduces the new analytical method for sizing hybrid energy storage systems for
demand reduction. The method is demonstrated using scenarios based around a simulated big-box
grocery store with EV charging stations and PV (Figure 1), and this study focuses on behind-the-
meter battery and thermal energy storage systems with an idealized dispatch based on the
aggregated baseline load. Figure 2 shows a flow chart of the overall approach, which is a visual
outline of this paper’s methods and results. The approach requires three primary inputs: (Section
2.1) the variable utility rate structure, (Section 2.2) the energy storage system(s) to be analyzed,
including efficiency and performance characteristics, and (Section 2.3) electric demand power
profiles at the meter for both the total and thermal loads. In this study, the method is demonstrated
using simulated data, so Section 2.3 describes the models used to create the electric load profiles

for the big-box building, EV charging stations, and PV generation.

Section 2.4 presents the idealized dispatch algorithm, which determines the maximum possible
peak demand reduction and/or energy shifting for a range of battery and thermal energy storage

sizes for a complete year. Results from the algorithms are post-processed to analyze other
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outcomes, such as annual utility cost savings, battery cycling, or total cost savings (Section 2.5).
Finally, Section 2.6 describes a sensitivity analysis to determine how the overall trends and

conclusions depend on the assumptions.

Model Inputs Processing Results & Discussion
2.1 Variable utility rate 2.4.1 Binary search 3.1 Load profiles and
structures approach load duration curves

. 2.4.2 |dealized dispatch
2.2 Energy storage algorithm 3.2 Annual performance

system models and cost savings of
hybrid storage systems

2.5 Post-processing

2.3 Electric demand —
from building thermal 3.3 Sensitivity to model

and nonthermal loads 2.6 Sensitivity analysis inputs

Figure 2: A visual outline for this study which shows the Inputs, Processing, and Results used to explain and

demonstrate the proposed analytical sizing and dispatch approach for hybrid energy storage systems

2.1 Variable utility rate structures

Variable electric rates are needed to incentivize energy storage and thus are an important input for
this method. Commercial utility electric rate structures often have peak-demand charges or time-
of-use rates. Such rate structures encourage users to charge energy storage systems in less
expensive periods and discharge the stored energy during more expensive periods. Demand
charges commonly range from 10-30 $/kW, though they can be as high as 90 $/kW for commercial
and industrial consumers [29]. They are assessed using the maximum demand power, typically in
the trailing 15-minute moving average of the metered load for some period in a billing cycle

(typically all time, an on-peak period during a monthly billing cycle, or a combination of both).

Although this approach can also be used with time-of-use electricity rates, this study focuses on
the peak demand reduction potential of hybrid battery/thermal energy storage systems. The utility
rate structure includes a flat energy price of 0.12 $/kWh and a demand charge assessed for all time
in a monthly billing cycle of 15 $/kW. The study also explores the impact of assessing demand

charges on all months or only for the cooling season (May to September).
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2.2 Energy storage system models

The proposed methodology uses simple storage models that do not represent specific energy
storage systems but capture the overall trends, tradeoffs, and potential synergies of a hybrid
battery/thermal energy storage system [30]. For example, the battery is not based on a particular
chemistry, and the thermal energy storage model is not based on a particular brand, set of
components (e.g., chiller, ice tank), or storage media (e.g., ice). The battery and thermal energy
storage models are defined by a constant electrical round-trip efficiency and specified maximum
allowed rate of discharge (as a C-rate). Note that a charging power constraint is not imposed on
either system because there are typically more timesteps available to charge the storage than are
used for discharge (e.g., an 8-hour on-peak period will have at least 16 hours of off-peak time
available for charging). Therefore, the charge power remains low, at least for the scenarios
considered in this study. The state of charge is also constrained between 0 and 100%, based on the
nominal energy capacity. In this study, we do not model any changes in the SOC limits due to
changing ambient conditions or required discharge power. For example, the capacity of most
batteries is lower than nominal at low temperatures, and TES capacity drops below nominal at
high discharge powers since the outlet temperature exceeds the cutoff temperature [31]. We also

do not consider any impact of the history of state of charge levels on lifetime.

2.2.1 Round-trip efficiencies for analyzed storage systems

Equation (1) defines the energy storage electrical round-trip efficiency (ngs) as the ratio between
metered electrical energy avoided by the storage system’s discharge and the electrical energy
supplied to the storage system during charging. The “avoided” energy, E,yoided, IS the consumed
energy that would have otherwise been met by the grid had the owner not discharged energy from
the storage system. The “supplied” energy, Egyppiied; 1S the electrical energy used during off-peak
periods to charge the storage. This term captures, for example, the electrical energy to the battery

or electrical energy to the chillers which freeze an ice tank.

Eavoide
MEs = —avolded 1)

Esupplied

The round-trip efficiency defined in Equation (1) is equivalent to the battery’s round-trip
efficiency—the ratio between the electric energy available for discharge and the energy required

to charge the battery.
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To compare with the battery round-trip efficiency, an equivalent electrical round-trip efficiency,
Nres, IS defined for thermal energy storage systems in Equation (2). The avoided electrical energy
is the difference between the electrical energy which would have been needed to meet the thermal
load with baseline equipment, E,.., and the electrical energy required to discharge the TES,

Egischarge (6.9, from pump energy associated with increased pressure drop in the thermal storage

system).

_ Epase—Edischarge

NTEs = — - (2)

Echarge

In Equation (3), each term is substituted with its corresponding thermal energy and average
coefficient of performance (COP). The COP is the ratio of thermal energy output, Q, to electrical
energy input, E, and therefore E = Q/COP. The electrical energy needed to discharge the TES is

typically very small compared with E ... Thus, Equation (2) becomes:

— COPpase (3)

Neglecting losses in transmission, the thermal energy delivered to the zone, Qy4se, IS €qual to the
thermal energy discharged from the storage, Qgischarge- SUbstituting the ratio of thermal energy
terms as a thermal round-trip efficiency, nrgs = Qaischarge/ @charge: Yields Equation (4), which
relates terms typically associated with characterizing a thermal energy storage system (i.e., COP
of charging, COP of baseline equipment, thermal losses) in a form that is equivalent to the
electrical round-trip efficiency of a battery. Thus, the two systems may be quickly compared for

electrical energy shifting efficiency.

NTES = (%)Umsxh 4)
Batteries’ round-trip efficiencies are typically specified by the manufacturer and are commonly
between 85-95% [6]. Thermal storage systems have a higher range of possible values, varying
between 80-115%, because the expression depends on more variables, including condenser-side
(ambient) and evaporator-side (zone) temperature dependence of COPs for charging and
discharging, as well as thermal loss variables [32]. The “efficiency” being higher than 100% is

technically possible due to the differences between the charging COP and the baseline COP. For
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example, if the ambient temperature during charging is lower than the ambient temperature during
discharging, then the temperature lift during charging is lower, and the ratio of COPcharge t0 COPhpase
may be greater than 1. In this analysis, we focus on other aspects of these storage systems, and
thus we assume constant electrical round-trip efficiencies of 90% for both energy storage systems.

2.2.2 Discharge energy capacity and maximum C-rates for analyzed storage systems

The discharge C-rate is the ratio of discharge power to the nominal discharge energy capacity. For
example, a discharge rate of 1C will deplete the storage in 1 hour, while 2C depletes the storage
system in 0.5 hours. Thus, in this study, the discharge power capacity is calculated as the discharge

energy capacity divided by the maximum C-rate.

In any simulation, the highest possible discharge rate is the discharge power that results in the
system being fully depleted in one timestep, since discharge must be uniform during the entire
timestep. Therefore, 4C is the maximum possible discharge C-rate for simulations presented in
this study, which use 15-minute timesteps. Additional constraints to the discharge rate may be
imposed for either system in this model. Here, the battery discharge is limited to 1C while the TES
remains free to discharge at up to 4C. Although 4C may seem unrealistic for thermal energy
storage, the approach documented in this study prioritizes thermal storage over battery storage.
With such prioritizing, high C-rates are only seen for storage systems with relatively small TES

sizes. The sensitivity to these assumptions is explored in the sensitivity analysis described below.

2.3 Electric demand power profile and load duration curves
In this study, we analyze simulated electric demand power profiles for different scenarios
combining a building with EV charging stations and/or PV generation. The following sections

describe how the building total and thermal load, PV generation, and EV load profiles are obtained.

e Building: This study uses an EnergyPlus model for a big-box store with both grocery and
retail zones, which was calibrated to data from a store in Centennial, CO [33]. This
calibrated model is simulated using EnergyPlus Version 9.3.0 and typical meteorological
year (TMY3) data for the Sky Harbor International Airport in Phoenix, AZ. Phoenix was
selected due to its high average temperatures and long cooling season, which translates to
higher potential for TES utilization. However, the proposed methodology could apply to

other building types and climate zones. The annual load profile is shown in Figure 3. Note
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the nonzero thermal load in winter, and the strong dependence of the total load on the

thermal cooling load.

e EV charging model: The EV charging profiles simulated in this study presume a relatively

aggressive transition to EVs nationwide. The EV profile was generated using EV-EnSite,
which is a direct current fast charging (DCFC) model based on EVI-Pro. We followed the
methods from previous research [33]-[36]. This study uses a 350-kW charging rate and 6
charging stations on the same meter as the building. Each station has 16 events per day.
The events are 5-15 minutes long depending on the state of charge of each vehicle’s battery

when it arrives at the charging station.

e PV generation: PV generation profiles are simulated using the “Detailed PV Model” in
NREL’s System Advisory Model (SAM), Version 2020.2.29 Rev. 2 and the same weather

data as the building model. The resulting generation profile is scaled so that the peak power
provided by the PV array is 600 kW. Cubic spline interpolation is applied to increase the
resolution from 1-hour timesteps to 15-minute timesteps.

These three sub-models are used to create four scenarios, listed below. The total electric demand

power profiles for the entire year and for a peak day for each scenario are shown in Figure 3.

Scenario 1) B: Baseline building with no PV and no EV charging

Scenario 2) B+PV: Building with 600 kW of rooftop PV and no EV charging

Scenario 3) B+EV: Building with no PV and 6 EV charging stations

Scenario 4) B+PV+EV: Building with 600 kW of rooftop PV and 6 EV charging stations
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Figure 3: Simulated total electric demand power profiles for the four scenarios for (a) the entire year and (b) the

summer day with the highest peak demand for any scenario (B+EV scenario) using a 15-minute timestep

Figure 3 shows the electric load profile for the entire year (Figure 3(a)) and for a summer day
(Figure 3(b)) for each scenario: building (B, blue line), building with 600 kW of rooftop PV
(B+PV, red line), building with 6 EV extreme fast charging stations (B+EV, yellow line) and
building with both the PV and EV charging (B+PV+EV, purple line).

On June 19, the B+EV scenario has the highest peak demand of any day, as shown in Figure 3(b).
The baseline building peaks in the evening due to increased air conditioning loads in the hot part
of the day. EVs introduce significant variability to the load profile, increasing demand by up to
500 kW over 15- to 30-minute durations. Rooftop PV reduces the building profile during daytime,
lowering the day’s peak by 7% and shifting it to later in the day. This also increases the ramp rate
to ~175 kW/hr for the evening hours as the PV production declines and electric demand remains
high. Including both EV and PV shows how significantly varied the load can be when metered-

load reducing assets (e.g., PV) are combined with metered-load increasing assets (e.g., EV).

These profiles can also be visualized using load duration curves, which are obtained by sorting the
electric load profile in descending order. We then overlay the coincident thermal load (i.e., the
thermal load is sorted in the same order as the total load). For example, Figure 4(a) shows a
monthly total and thermal electric load profile for the baseline building, and plot (b) shows the
corresponding load duration curve. The battery can operate on any electric load (blue) while TES
can only shift electric loads associated with a thermal load (red). The maximum demand power of
nonthermal loads (highest point on yellow curve) represents the lowest value to which an idealized
TES can shave the total peak demand for a given month, since TES cannot be used to deliver
electricity for nonthermal loads. These profiles show the potential applicability of batteries and

thermal storage, and how they can be used together to reduce peak demand.
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Figure 4: Constructing a load duration curve; (a) shows the time-ordered total (blue) and thermal (red) load
profiles for one month; (b) shows the load duration curve (blue), and the coincident thermal (red) and nonthermal

(vellow) loads for the month

2.4 ldealized dispatch algorithm

In this study, a range of hybrid systems are parametrically analyzed. Once the range of systems to
be analyzed is determined (see Appendix A), the idealized dispatch required to maximize the peak
demand reduction potential for a given system is calculated. This algorithm uses a binary search
approach, described below in Section 2.4.1. The application of the binary search approach in the

idealized dispatch algorithm is discussed in Section 2.4.2.

2.4.1 Binary search approach

The core of the dispatch algorithm is based on a binary search, in which a solution is known to
exist between an upper and lower bound. The solver will update guesses, reducing the range of the
bounds by half each time, until the solution is obtained (or the change on each iteration is
sufficiently small). In this problem, the “solution” is the value of peak electric demand after
shaving has reduced peak demand as much as possible (or as much as profitable, if the utility rate
structures are not sufficient to justify peak shaving or energy shifting, see [28]). Meanwhile the
initial bounds depend on the utility rate structure. For the utility rate structures considered here
(demand charges assessed at all times in the billing cycle), the minimum peak demand occurs when

the load is flattened; thus, the initial bounds are set to the maximum and minimum total load.

The binary search for the minimized peak demand power is illustrated in Figure 5. Frames 1-4
show how the storage-shifted load profile is calculated for a given guess. The solid blue stair
profile is a total electric power profile for some arbitrary building. The solid black line represents

the current guess. Starting with the first timestep in which discharge of stored energy is required
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(i.e., the load exceeds the guess), the solver identifies the energy and power required to shave the
load to the guess and increases the load to charge storage during off-peak times in the preceding
24 hours (Frame 2). The light-red area is the energy avoided by utilizing TES, while the light-
yellow area shows the energy avoided by utilizing battery storage. The current algorithm uses a
valley filling approach for charging, though this could be improved/changed depending on the
objective. For example, charging could prioritize timesteps with the most favorable COP or seek
to charge the storage as uniformly as possible (i.e., constant electric power supplied to storage).
In these algorithms, TES is prioritized, but it is still inherently limited by the presence of a thermal
load. Frame 3 shows the process continuing while Frame 4 shows the final discharge timestep
being accounted for. After accounting for all required charging needed to discharge the storage
system during discharge timesteps for the presumed guess, Frame 4 shows the resulting storage-
shifted load profile in a dashed blue line (and Frame 5 shows the same case, but without

highlighting the final discharging timestep with unique colors).

Total Base Load Current guess [ Total Charge Energy Total Discharge Energy
- - = - Total Shifted Load = = = - Guess bounds BES Charge Energy BES Discharge Energy
N TES Charge Energy TES Discharge Energy

AWML

Electric Demand Power (kW)

FaTAviva-a-i-

Time (h)

Figure 5: Visual representation of discharging/charging strategy for a given guess (Frames 1-4) and updating guess
in binary search (Frames 5-8)

In the case of the guess value used in Frames 1-4, the shifted load profile exceeds the guess value.
Thus, the specified storage system(s) are unable to shave the load to the guess value, and the
presumed amount of shaving should be decreased. Frame 6 shows the updated guess in which less
shaving occurs, halfway between the upper bound and the previous guess. In Frame 6, the shifted

load never reaches the guess value, indicating that more shaving is possible. Therefore, in Frame 7,
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the guessed amount of shaving is increased. This continues until the solution is obtained to within

the desired tolerance, as shown in Frame 8.

2.4.2 ldealized dispatch algorithm for different combinations of BES and TES

The idealized dispatch algorithm is based on this binary search approach. For each month of the
year, the maximum possible demand reduction that can be obtained with some hybrid storage
system is calculated by applying the binary search algorithm, subject to the system’s power and
energy capacities. The dispatch algorithm uses the following steps.

A. Determine the range of battery and TES capacities to analyze: In theory, any size of energy

storage system could be defined and analyzed with this algorithm. To specify an upper
bound, the sizing algorithm discussed in Appendix A is repeated for each month in the
year. The month with the maximum useful battery is used to set the upper bound of systems

analyzed, to avoid analyzing clearly oversized systems.

B. System selection: A nested for loop cycles through every combination of energy and power

capacities for both components in the hybrid system to be analyzed. Step C is repeated for

each combination.

C. Determine the peak demand reduction for each month in the year, for the given storage

system: The maximum possible peak demand reduction is calculated for each month with
a demand charge for the given storage system. The demand reduction is calculated using
the binary search method described in the previous section, where the guessed amount of
peak shaving is increased, subject to the requirement that none of the required power and
energy capacities exceed the specified system’s capacities. TES discharge is always

prioritized since it must shift a thermal load, while BES can shift any load.

2.5 Post-processing

After calculating the potential peak reduction for each month, the algorithm output is processed to
obtain demand charge/utility cost savings, annual equivalent full cycles of the battery, and
annualized cost savings (accounting for annualized capital costs of the storage system). These

metrics taken together are used to identify tradeoffs and synergies of hybrid storage systems.
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2.5.1 Utility cost savings

The total utility bill the customer pays is comprised of demand charges and energy costs. The
portion of the utility costs associated with demand charges (in $/kW) is reduced by dispatching
the storage system to lower the metered peak demand. However, the contribution to the total bill
associated with the energy costs (in $/kWh) increases due to energy losses, since the round-trip
efficiency of both components is less than 100%. The annual utility cost savings, UCS, may be
expressed as:

1
UCS = (Zrlnzzl PSm)pD - Edischarge (K - 1) PE )

ES

where PS,,, is the peak shaved in month m, py, is the demand charge in $/kW, Eg;scharge IS the total
energy of discharge over the year for the battery and thermal energy storage system in kWhe, and
pe is the flat energy rate in $/kWh. When the demand charges are only assessed for summer
months, PS,, is 0 KW for months without a demand charge. The storage system will be dormant
since, at least for the example used here, there is not a sufficient opportunity for utility cost savings
using energy storage if the energy rates are flat and no demand charge is imposed. The hybrid
round-trip efficiency, nygs, is the discharge energy weighted average of the two components’

efficiencies.

2.5.2 State of charge profile and annual battery cycling

After calculating the timesteps for discharge and charge in the final solution, the state of charge
(SOC) for each component of the hybrid system is constructed. In this study, the battery cycling
is simply characterized by the annual equivalent full cycles (EFC) method, which sums all

discharge over the year, Eggs gischarge: aNd divides by the nominal capacity. For example, four

consecutive cycles of 25% depth-of-discharge is one equivalent full cycle.

2.5.3 Annualized cost savings

The annualized cost savings are calculated by subtracting annualized energy storage capital costs
from the annual utility cost savings ([28], [37]). We define the storage systems’ annualized capital
costs in terms of a constant lifetime and a fixed capital cost per unit of electric-equivalent discharge

energy capacity ($/kWhe).
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2.6 Model inputs and sensitivity analysis
Table 1 shows the nominal parameters used for the simulations below. The battery cost in $/kWhe

includes all balance of plant and installation costs for a 1-hour duration (i.e., 1C) battery [38]. The
TES cost in Table 1 is $100/kWhe, based on the typical $/kWhw cost of existing chiller with ice
storage projects (including installation costs), scaled by a presumed COP of 3.14 to convert this to
$/kWhe [37]. We also look at a special case where the TES capital cost equals the BES capital cost
($600/kWhe), which shows the tradeoffs between the two storage systems when capital cost is not
a factor. In addition to the nominal parameters shown here, we conduct a sensitivity analysis to

determine how the results and conclusions are influenced by our assumptions.

Table 1: Analyzed parameters (Nominal) and variations explored (Low-High)

Parameter Low Nominal High
BES C-rate Limit (1/h) 0.5 1 2
BES Capital Cost ($/kWh) 300 600 900
BES Lifetime (yr) 10 15 20
Demand Charge ($/kW)? 75 15 225
Discount Rate (%) 4 8 12
Energy Rate ($/kWh) 0.08 0.12 0.16
TES C-rate Limit (1/h) 2 4 4P
TES Capital Cost ($/kWh)° 50 100 150
TES Lifetime (yr) 10 15 20

2We consider cases where the demand charge is assessed all year or only in summer months
b 4C is the maximum possible discharge C-rate for simulations involving 15-minute timesteps
¢We also consider a special case where the TES capital cost equals the BES capital cost ($600/kWhe)

3. Results and discussion

The results of this study are divided into two parts: 1) load duration curves for each scenario for
visualization purposes and 2) potential synergies between batteries and thermal energy storage by
analyzing peak demand reduction potential for different systems. The second part looks at potential
synergies by calculating utility cost savings, equivalent full cycles for the battery, total annualized

cost savings, and other variables.

3.1 Load profiles and load duration curves

The load duration curves shown here are helpful to gain intuition about the relative advantages and
disadvantages of BES and TES during different months of the year, particularly in observing the
degree to which the thermal load coincides with the peak metered load. It is also necessary to
understand the shape of the profiles in the different scenarios when interpreting the plots in the

second section of this study’s results.
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Load duration curves (Figure 6) make the visual comparison between different scenarios simpler
than time-series data (compare with Figure 3 and discussion in Section 2.3) due to the sorting from
highest to lowest. The inset figure on top right shows the first 144 hours of the duration curve,
which corresponds to the annual peak demand for each scenario. The peak demand for the baseline
building is 1,100 kW. Adding fast-charge EVs increases this peak demand by 318 kW (28%),
while adding PV reduces it by 33 kW (3%). Even though the nominal power generation capacity
of the PV is over half of the maximum power, the reduction in the peak by adding PV is limited
because the peak PV generation is not coincident with the peak building demand. Similarly, adding
PV to the B+EV scenario reduces peak demand by 66 kW (5%), again due to the noncoincident
nature of PV and the random nature of the EV charging. Although EV charging happens during
operating hours for the big-box retailer, the peak EV load does not necessarily coincide with the

peak solar output (around noon) nor at the time of maximum thermal load (around 1500 hours).

B B+PV B+EV B+PV+EV
1,500
1,500
1.000 1,250 k
—

1,000
0

500

Electric Demand Power (kW)

0 2,190 4,380 6,570 8,760
Sorted Time in Year (h)

Figure 6: Annual load duration curve for the four scenarios, zoomed insert figure on top right shows the first 144

hours of the duration curve

Figures 7 and 8 show the load duration curves for July and January along with the thermal and
nonthermal load profiles for each of the four scenarios ((a)-(d)). The curves showing the electric
power demand from thermal loads in each monthly load duration curve differ slightly since each
building has a different total load duration curve. For the baseline building, the air conditioning
load in January is only 13% of the total peak electric load, whereas in July it is 40% of the total
peak electric load. This ratio depends on local weather and building type but shows a well-known

trend: higher cooling electricity loads occur in summer due to higher temperatures and mechanical
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cooling. When adding extreme-fast EV charging, the role of cooling load on the peak demand is
reduced to 4% and 29%, respectively.
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Figure 7: July load duration curves showing curves for total electric load (Total), concurrent thermal loads
(Thermal), and concurrent nonthermal loads (Nonthermal) for: (a) baseline building, (b) building with PV, (c)
building with EV, and (d) building with PV and EV
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Figure 8: January load duration curves showing curves for total electric load (Total), concurrent thermal loads
(Thermal), and concurrent nonthermal loads (Nonthermal) for: (a) baseline building, (b) building with PV, (c)
building with EV, and (d) building with PV and EV
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In Figure 7(a) for the baseline building in summer, the thermal load is strongly correlated with the
total load, with these two curves being relatively “parallel.” This indicates that the nonthermal
loads are relatively constant (yellow curve is relatively flat at 500-700 kW). In contrast, Figure
8(d) shows that for the B+PV+EV scenario in winter months, the thermal load is not strongly
correlated to the total load. The nonthermal load increases at different timesteps by EV charging
and is reduced at other timesteps by PV. The range of nonthermal loads as shown in yellow in
Figure 8(d) is close to 0-1000 kW. See Appendix B for additional discussion on how the load
profile shapes influence the useful storage capacities for BES, TES, and hybrid systems.

3.2 Annual performance and annualized cost savings of hybrid storage systems

There are five primary outputs explored in the figures below, based on the analytical method
described above: utility cost savings, annualized total cost savings, and battery discharge
characteristics—specifically annual cycling, and the maximum and average discharge C-rates.
Although not presented here, similar plots could be constructed for the TES discharge

characteristics.

Figure 9 shows annual results for the B+PV+EV scenario. The top two plots, (a) and (b), show the
annual utility cost savings and battery equivalent full cycles. Plots (c) and (d) show annual cost
savings after accounting for the storage systems’ capital costs. In plot (c) the TES cost is equal to
the battery cost, while plot (d) shows the outcome when TES is six times less expensive than
batteries. Finally, plots (e) and (f) show the maximum and average C-rate for the battery,
respectively. In all cases, the x-axis shows increasing TES energy capacities while the y-axis
shows increasing BES energy capacities. The contours are colored according to the variable of

interest, as indicated by each plot’s color bar.

For this scenario, consider different combinations of a 600 kWhe hybrid system shown by the black
line. The utility cost savings potential is the same for a battery-only system (indicated by the circle)
or a battery / TES size of 300 kWhe / 300 kWhe (indicated by the star). Selecting a larger TES size
and smaller battery size will lead to lower battery cycling (Figure 9 (b)), but will also lower the
demand savings potential (Figure 9(a)). The system performance of a TES-only 600 kWhe system

(indicated by the square) achieves about half of the utility cost savings.

Figure 9(c) shows the annualized cost savings when BES and TES have the same capital costs.

Any combination of BES and TES along the line between the standalone BES (circle) and hybrid
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system (star) will provide the maximum (or very close to the maximum) annualized cost savings
because the storage types have the same capital costs and load shaving potential. However, the
maximum cost savings is not achieved for hybrid systems with a larger TES or standalone TES
(points along the line between the star and square). Figure 9(d) shows the annualized cost savings
when the capital cost of TES is lower than BES. The maximum cost savings region (yellow)
includes larger TES sizes when the TES is much less expensive than the battery, but to achieve the
maximum savings requires a battery size of at least 200 kWhe because the thermal storage can
provide only limited peak shaving without a battery to address the nonthermal load. For the case
of lower TES costs (Figure 9(d)), the range of TES sizes from 300 to 1,200 kWhe result in roughly
the same annual cost savings once paired with a battery of about 300 kWhe. For the smaller TES
capacities, the initial cost of purchasing the hybrid storge system is smallest, as is the utility cost
savings. On the larger side, the initial investment cost is higher, but the added TES capacity

provides more utility cost savings to offset the higher cost.

The bottom two plots show the battery C-rate’s maximum (Figure 9(e)) and average (Figure 9(f))
values over the course of the year. As the battery size is reduced, the C-rate increases. For a given
TES system, small battery capacities lead to high C-rates (and lower power capacities). This
explains why the smaller battery capacities (<300 kWhe) for the hybrid system are less beneficial,

at least for this scenario.

Taken as a whole, Figure 9 can be used to compare the three systems indicated by the circle (all
battery), square (all TES), and star (hybrid system). A 600 kWhe battery achieves 83% of the
maximum possible peak reduction and experiences around 170 equivalent full cycles each year. It
would also have a maximum C-rate of 0.85 and an average C-rate of 0.04. The hybrid system
achieves the same peak demand reduction but lowers the equivalent full cycles for the battery to

83. The maximum C-rate also increases to 1.0, but the average stays about the same.

This shows that the hybrid system, even for a case where TES and batteries have the same capital
cost, may be preferred because it lowers the battery equivalent full cycles by over 50%. This could
extend the life of the battery and improve economics. More likely, the TES will have lower capital

costs, making the economics even more favorable (Figure 9(d)).

These results are consistent with a couple of observations made by others in the literature. Firstly,

our literature review cites a variety of studies which suggest that, subject to a wide range of
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assumptions, scenarios, and system types, utility cost savings of an accurately sized hybrid system
may range anywhere from 10-25% (e.g., [24]). In the scenario considered here, we see that the

pseudo-optimal system reduced utility cost savings around 18%.

Secondly, several studies including Wu et al. [28] and others (e.g., [39]) predict that relatively
small batteries are typically optimal for peak shaving. Our algorithm can be used for standalone
system analysis by looking along the x-axis (TES only) and y-axis (BES only) of Figures 9 through
12. In the scenario considered in Figure 9, we see that there is a pseudo-optimal battery-only
capacity of around 400 kWh (y-axis) which is qualitatively “small” compared with the maximum
possible useful battery capacity of around 1,200 kWh, although we predict a higher amount of
peak shaving potential than do Neubauer and Simpson [39]. They predict optimal peak shaving of
only 3% for a standalone battery while our study predicts closer to 20%. This is likely due to this
scenario’s inclusion of EV loads which tend to increase the amount of peak demand reduction
potential of a given unit of energy storage. In fact, as discussed below, Figure 11(a) and 11(b)

indicate an optimal battery size much less than 400 kWh for the building-only scenario.

Finally, some studies (e.g., [5], [26]) discuss how adding TES can achieve similar peak shaving
with a smaller battery. For the scenario considered here, to achieve the same peak reduction as a
standalone battery, a hybrid system may utilize a battery which has been downsized around 50%.
Returning to the Wu et al. study [28], we have expanded upon their findings for a BES-only system
to one with both TES and BES, and show that annualized cost savings can be lower with this

hybrid system than the BES-only system (Figure 9(d)).
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Figure 9: (a) Annual utility cost savings; (b) annual equivalent full cycles (EFC) for battery assuming TES
discharge is prioritized; (c) annual total cost savings assuming TES capital expense is equal to BES; (d) annual
total cost savings assuming TES capital expense is BES/6, (e) maximum C-rate experienced by battery for any
timestep in year, (f) average C-rate experienced by battery for all discharging timesteps plotted for different energy
capacities of TES (x-axis) and BES (y-axis) for B+PV+EV scenario, the black line shows a constant storage
capacity of 600 kWh,.
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Utility Cost Savings comparing two scenarios and two utility rate structures

In Figure 10, the utility cost savings are shown for four different examples, varying the scenario
between Building only and B+PV+EV scenarios, as well as varying the utility rate structure

between summer only demand charges and charges assessed for all months in the year.

In Figure 10(a), there is no meaningful difference between a BES system or a TES system—a
hybrid system of any capacity, regardless of the fraction from BES or TES yields the same demand
reduction potential. This is because demand charges are assessed only in the summer when the
cooling load is high. Furthermore, the variations in the load profile are primarily from the thermal
load (i.e., the nonthermal load is more consistent). Recall that for a demand charge assessed on all
timesteps, a flat load cannot be beneficially shifted. Demand savings in this case require load
variations so that charging and discharging timesteps approach a flat-line condition. Although the
BES has an imposed C-rate limit, this limit is only relevant for small capacity batteries, and thus

does not appreciably change the contours.
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Figure 10: Utility cost savings in thousands of dollars per year for (a) building only with summer demand charges,
(b) building only with annual demand charges, (c) building with PV and EV charging stations with summer demand
charges, and (d) building with PV and EV charging stations with annual demand charges. Note that the range shown
by the colorbar differs for each plot.

By comparison, the building only scenario with demand charges assessed for all months in the
year, Figure 10(b), shows that a small battery is required to achieve the maximum possible demand
reduction, even for very large TES-only systems. Although the effect is small, there are at least
some timesteps in which a nonthermal load during winter months must be shaved. The effect is
small because it remains true that for the building-only scenario, most of the load variation in this
climate is due to cooling loads, even for winter months. Comparing Figure 10(a) and Figure 10(b)
also shows that the maximum possible utility cost savings is approximately double when demand
charges are assessed annually instead of during summer months only. This implies that all months
in the year have similar variations, even if the absolute value of the load is higher during the

summer months (see Figure 3).
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The plots in Figure 10(c) and (d) show the B+PV+EV scenario for the summer and annual demand
charge examples, respectively. In both cases, the presence of high nonthermal loads from the EV
charging and the decrease in the net load during the day from PV when the cooling load is higher
results in a greater requirement from a battery to achieve the maximum amount of utility cost
savings. In the case of summer demand charges, the minimum battery required is around 200 kWh;
however, including demand charges during winter months increases the minimum required battery
size to 400 kwh.

Each of the four plots in Figure 10 show similar trends in the top left (large BES, small TES): a
quasi-parallel negative slope, indicating that incrementally adding either BES or TES yields the
same incremental peak demand reduction. For these smaller TES systems, the thermal load has
not fully been met by the thermal energy storage, thus, BES and TES are essentially
interchangeable in their ability to reduce peak demand (recall that we have assumed that either

storage system has the same electrical round-trip efficiency).

The bottom right corner of the four plots in Figure 10 (small BES and large TES) deviate from this
quasi-parallel slope. This shows the limitations of TES—all thermal loads have been met by TES
and further peak demand shaving requires a BES. Thus, scenarios involving either winter demand
charges or significant nonthermal loads from EV charging show the requirement for at least some
battery.

Annualized Cost Savings comparing two scenarios and two utility rate structures with equal

capital costs

Figure 11 shows the annualized total cost savings for the same four examples as Figure 10 when
the TES capital cost equal the BES capital cost at 600 $/kWhe. Since there is no difference between
the cost of either component in a hybrid system, the plots’ contours/trends are closely related to
the utility cost savings plots. The plots in Figure 11(a) and (b) show that a BES-only, TES-only,
or hybrid system can all achieve roughly the same total cost savings for a given system capacity.
The requirement for a small battery in the annual demand charge example, plot (b), is revealed by
the slight curve near the x-axis. Plot (c) shows that for small batteries without TES (i.e., bottom
left corner on y-axis), the C-rate limit reduces the cost savings compared with adding a small TES,
which can discharge at the timestep-limited rate of 4C. However, this effect is small, and the

contour shapes in plots (a)-(c) are all very similar. By contrast, for the example involving the
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B+PV+EV scenario with demand charges assessed at all times (Figure 11(d)) it is impossible to
reach the maximum total cost savings without at least some battery capacity, consistent with
findings from the utility costs savings discussion. As shown in Figure 11, the annualized cost
savings are often negative, except for very small systems. This indicates that the assumed high
capital costs ($600/kWhe) are preventing larger sizes of storage from being cost effective.

However, TES is often less expensive than BES, which we explore next.
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Figure 11: Annualized total cost savings in thousands of dollars per year when TES has the same capital cost as
BES for (a) building only with summer demand charges, (b) building only with annual demand charges, (c) building
with PV and EV charging stations with summer demand charges, and (d) building with PV and EV charging stations

with annual demand charges

Annualized Cost Savings comparing two scenarios and two utility rate structures with different

capital costs
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Figure 12 shows the annualized cost savings when the TES capital cost is six times lower than the
BES. In all four cases, the pseudo-optimal system is expected to be a TES, perhaps with a small
battery as needed. For example, as we saw in Figure 10(a), the BES and TES operate in an
essentially equivalent manner if the thermal load is high and the demand charge is only assessed
during summer months. Therefore, either system will yield the same total cost savings when capital
costs are the same (Figure 11(a)). But here, TES is strongly preferred because of its lower capital
cost. The full range of TES sizes offer roughly the same total savings because as the system
capacity increases, it can accomplish more demand shaving. Thus, the capital costs increase but
so do the utility cost savings. That a battery increases total cost savings at only very small
capacities is consistent with other studies (e.g., [39]). Expensive storage systems are typically most
beneficial when the capacity (and therefore capital cost) is low. The small system only addresses

the highest spikes in the load, which yield the greatest utility cost savings per unit of storage.
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Figure 12: Annualized total cost savings in thousands of dollars per year when TES has a lower capital cost than

BES for (a) building only with summer demand charges, (b) building only with annual demand charges, (c) building
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with PV and EV charging stations with summer demand charges, and (d) building with PV and EV charging stations

with annual demand charges

Figure 12(c) shows the savings for the B+PV+EV scenario with summer demand charges. This
plot similarly suggests that a small battery, if one is used at all, is preferred. If no battery is
included, the system cannot achieve the maximum peak demand reduction, but the lower cost of
TES makes it the most cost effective. Unlike the plots in Figure 12(a) and (b), the range of TES
capacities offering the maximum benefit is limited to 850 kWhe. This is the point where increasing
the TES capacity would not achieve additional demand reduction in the absence of a battery. This
also corresponds to the TES capacity where the quasi-parallel behavior “flattens out” in Figure
10(c).

Finally, we see in Figure 12(d) the same plot as Figure 9(d). This is the annualized cost savings
for annual demand charges in the B+PV+EV scenario when TES is significantly less expensive
than BES. As discussed previously, adding EVs and winter demand charges make a battery more
beneficial. Therefore, in plot (d), to achieve the maximum possible benefit always requires at least
a moderate amount of battery capacity. Although the minimum BES capacity required to achieve
the maximum demand reduction is about 400 kWhe (Figure 10(c)), the maximum annual cost

savings are around 200 kWhe since the TES has lower capital costs.

3.3 Sensitivity analysis
Here we explore how the assumed values impact our results when nominal values vary according

to Table 1 (typically by +50%). Figure 13 shows the fraction of the pseudo-optimal storage system
from TES, based on the system that gives the highest annualized cost savings for each scenario. A
value of 1.0 means the pseudo-optimal system is a standalone TES, and a value of 0 means that
the selected system is a standalone battery. Figure 13(a) and (b) show the building only scenario
with summer-only and annual demand charges. Figure 13(a) shows that all variations of assumed
values result in the same TES fraction of 1.0 for the example case analyzed. The relatively constant
nonthermal load and the high thermal load make TES the preferred system across all assumptions

in this case.

There is also very little variation in Figure 13(b), in which demand charges are assessed for all

months of the year. Although thermal loads are smaller in winter, they nevertheless account for
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most daily variations, which is important for energy storage systems so that they can fill the valleys
and reduce the peaks to lower the overall peak demand. Thus, TES remains favorable to BES with

almost no variation across the assumptions considered in this sensitivity analysis.

In the bottom two cases (Figure 13(c) and (d)), the scenario includes PV and EV charging stations.
Thus, variations in the load profile have significant contributions from both thermal and
nonthermal loads. Here we see greater sensitivity to variations in the assumed parameters. In
frame (c), most assumptions still yield a pseudo-optimal system with 100% TES. This is because
demand charges are only assessed in summer months, when the thermal load is sufficiently high.
The two parameters that lead to a different outcome are the “low” BES capital cost (yellow square)
and the “high” demand charge (green star). Unlike frame (a), frame (c) involves EV charging
which tends to increase the potential for batteries to provide a net benefit. Thus, when the capital
cost of batteries is lowered to $300/kWhe, the pseudo-optimal system has a TES fraction of 0.8,
compared to 1.0 for the nominal capital cost. Increasing the demand charge tends to increase the
value of maximizing peak demand reduction, which increases the potential benefit of all storage
types and especially batteries, since they are not limited to meeting thermal loads. Thus, in the case
where the demand charge has been increased to “high”, the pseudo-optimal system has a mix of
TES and BES.

Nearly every set of inputs considered for Figure 13(d) yielded a pseudo-optimal system as some
hybrid with a TES fraction between 60% and 80%. The one instance where a standalone TES (i.e.,
TES fraction is 100%) is favored is when the demand charge is reduced to its “low” value of 7.5
$/kW. When demand charges are reduced, the potential benefit of storage systems for peak shaving
is also reduced. Thus, the point at the green star on frame (d) corresponding to 100% TES with a
lower demand charge is suggesting that the optimal system is small (since only a small amount of
peak demand reduction is cost effective), and the TES can handle all peak demand reduction. Thus,
the more expensive battery is avoided. All other instances considered by this sensitivity analysis

yield a hybrid system.
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Figure 13: Sensitivity plots showing the TES fraction of the storage system with the maximum annualized cost
savings for (a) building only with summer demand charges, (b) building only with annual demand charges, (c)
building with PV and EV charging stations with summer demand charges, and (d) building with PV and EV charging

stations with annual demand charges. The meaning of low, nominal, and high values is given in Table 1.

Of these results, the TES fraction is most sensitive to the TES capital cost (red squares with a
“negative slope”) and the BES C-rate limit (yellow stars with a “positive slope”). The TES fraction
is inversely proportional to the TES capital cost. Nevertheless, the pseudo-optimal system for the
low, nominal, and high TES capital costs is a hybrid with a large contribution from TES with at

least some battery to meet the high nonthermal loads.

Finally, we consider the sensitivity to the BES C-rate limit. The sensitivity plot presented in frame
(d) shows that as the BES C-rate limit is reduced, the fraction from BES is increased. This indicates
that the BES must contribute some amount of discharge power. If the BES C-rate limit is low, then
a BES which would otherwise have sufficient discharge energy capacity will not have enough

discharge power to shave the nonthermal loads to maximize annualized cost savings. Thus, a larger
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energy capacity battery (and therefore larger absolute discharge power) will be selected, increasing
the BES fraction and reducing the TES fraction. The opposite is also true: a higher relative power

requires a smaller battery to meet a particular absolute discharge power.

This sensitivity analysis shows that, regardless of variations in the inputs assumed, our main
conclusion remains—there exist potential synergies between batteries and thermal energy storage,
for the four building scenarios in the hot climate simulated here, due to their comparative
advantages and disadvantages at meeting different kinds of loads with different performance and

cost characteristics.

4. Conclusions

This study proposes a simple method for sizing a hybrid battery/TES system. We calculate the
possible load reduction and annualized cost savings for a hybrid system of different sizes using a
binary search approach. We use this method to investigate tradeoffs and synergies of a hybrid
battery/TES system for a retail grocery store in Phoenix, AZ, using simulated load profiles. This
method shows how thermal storage can be used synergistically with a battery, and how these
hybrid systems can be preferred to a standalone battery-only or TES-only system. The four key

takeaways are:

1) Adding batteries to a TES system can increase the total system’s load shaving potential
(and increase TES utilization for peak demand reduction). This is particularly true when
the building has onsite PV generation or EV charging, which add significant variability to
the load shape.

2) Adding TES to a battery system can improve economics since TES often has a lower capital
cost, and because it can significantly lower battery cycling, extending the battery life.

3) In the climate analyzed in this study, which has a large cooling load, the pseudo-optimal
hybrid design is often some combination of thermal and battery storage, and rarely only a
battery-only or TES-only system.

4) If demand charges are assessed only in the summer, the pseudo-optimal system will have
a greater fraction of TES for this cooling case, even in scenarios with significant
nonthermal loads from EV charging. Contrarily, utility rate structures in which demand

charges are assessed on all months in the year or climate zones with milder summer
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temperatures increase the likelihood that a battery will be beneficial or required to reach

high demand reduction.

In the future, this model could be expanded to allow for multiple demand charges ($/kW) with or
without time-of-use electricity ($/kWh) rates. Future investigations could also analyze different
building types, climates, EV charging scenarios, and investigate the impacts of different EV, PV,
and energy storage performance and cost parameters. Future work could also investigate how a
similar method could be adapted to minimize CO2 emissions, rather than utility or total annualized
costs, to help mitigate climate change. For this study and any future study, controls remain a
challenge for hybrid systems. Achieving the potential synergies described in this study depend on
developing control strategies that can obtain the predicted peak demand reduction, which assumes

an ideal dispatch algorithm.
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Appendix A. Sizing algorithm to obtain minimum energy and power requirements for

target peak shaving

The binary search approach described in Section 2.4.1 is utilized for the sizing algorithm. For this
algorithm, and the corresponding results associated with this algorithm presented in Appendix B,
the objective is to determine the minimum storage system size needed to achieve a target amount

of peak demand reduction.

A. Determine maximum possible demand reduction: The maximum monthly peak shaving is

calculated using the binary search approach. Note that the algorithm will also confirm that
utility cost savings are obtained by decreasing the guessed amount of peak shaving if the
time of shaving (i.e., sum of all discharging timesteps) exceeds the maximum allowed time
of shaving.

B. Sweep through range of possible values of target peak demand reduction: Using the

maximum possible peak demand reduction identified in Step A, Steps C-E are repeated for
a range of values of target peak demand reduction between zero and the maximum shaving.

C. Determine BES energy and power capacities: The BES is sized first by summing the

nonthermal loads that exceed the target value of peak demand power for each day in the
month. The BES is sized first (and independently of the TES) since nonthermal loads
cannot be met by TES. This sizing assumes that the storage system discharge capacity is
high enough to deliver all required discharge energy in a day with one full depth of
discharge. In some cases, recharging may be possible (such as if there is significant PV
creating a “bimodal” profile), and the required minimum energy capacity could be
calculated to account for such cycling. The required BES power capacity is equal to the
timestep with the highest nonthermal load above the target peak shaving.

D. Determine TES energy capacity based on BES energy capacity: Although the BES is sized

independently of the TES, the minimum required TES depends on the BES capacity. This
is because the BES may be useful for meeting loads that would normally be met by TES
(e.g., the battery is used to run a chiller), whereas the TES cannot always meet BES loads
(e.g., the chiller cannot deliver power for plug loads). Therefore, the TES is sized by finding
the day with the maximum required energy of discharge and subtracting the BES capacity

calculated in Step B.
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E. Update energy capacities to satisfy C-rate limit: The discharge C-rate for each energy

storage system is determined using the power and energy capacities calculated in the
previous steps. If the calculated C-rate exceeds the physical C-rate limit (imposed as a
model input), the energy capacity is increased such that the calculated C-rate is equal to

the C-rate limit.

Appendix B. Impact of building load profile on required energy and power of hybrid

storage systems (sizing results using algorithm discussed in Appendix A)

The required energy sizes of thermal and battery energy storage for a given target level of peak-
demand reduction depend strongly on the load duration curves for each scenario. Sizing is also
sensitive to the maximum discharge power required by the battery, as batteries are not well suited
for high discharge power. Increasing the discharge power of a battery at a fixed energy capacity
can dramatically increase the capital expense [38]. Meanwhile, TES systems are, in this context,
less sensitive to the discharge power, since shutting off cooling equipment can fully eliminate
thermal electric loads. In fact, an active TES may also indirectly benefit from the advantage of
passively storing thermal energy in the building structural materials, as it mitigates the need for

high discharge powers for TES.

Figures B.1 and B.2 show how the thermal and battery energy storage size changes depending on
the desired peak reduction, for both July and January, including (a) the required storage discharge
capacity (kWhe), (b) discharge power (kW), and (c) maximum required C-rate. The thermal storage
is sized to handle as much of the load as possible, with batteries added as soon as thermal storage
cannot reduce the peak demand further. The required storage size increases with the desired peak
reduction, but it is different depending on the scenario. For example, in July, a 200-kW peak
reduction will require 1,000 kwh for the Building, 400 kwh for B+PV, 100 kWh for B+EV, and
75 kWh for B+PV+EV. In all scenarios, this 200-kW peak reduction could come from a battery,
thermal storage, or a hybrid system of the specified total system size. For comparison, in January,
a 200-kW peak reduction cannot be achieved for the Building, and requires 900 kWh in B+PV,
200 kWh in B+EV and 200 kWh in B+PV+EV. In these scenarios, some of the storage must be

from a battery because the thermal storage cannot deliver this level of peak reduction by itself.
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The results in Figure B.1 provide other detailed insights into how these hybrid systems perform,

discussed below for each building scenario:

Baseline Building (July): For the baseline building scenario (Figure B.1(a)), a battery is not needed

for any of the possible peak demand reduction levels. For the maximum peak reduction of 205
kW, the thermal storage would be 1,050 kWh with a power of 205 kW, which is a C-rate of C/5.
Lowering the peak reduction increases the C-rate, as this requires reducing the peak during fewer
and fewer timesteps. In the extreme, the maximum C-rate is 4C, corresponding to a storage that
reduces the peak during only one timestep in the entire month. This is unlikely to be cost effective,
since there are fixed costs associated with any energy storage system. Therefore, it is more useful
to look at higher levels of peak reduction of around 75 kW, which requires a maximum C-rate of
1C. There are diminishing returns from going to much larger sizes when the demand charge is the
dominant component in the utility bill, as each additional kwWh of storage shaves less and less peak
demand. This is shown in the first plot, where the slope is at first shallow, and then increases
rapidly above 75-100 kwh.

B+PV (July): The load profile when including PV (Figure B.1(b)) can still be flattened using only
TES, but there are two key changes. Adding PV shortens the duration (but not the magnitude) of
the peak, which means it takes less storage for each kW of peak reduction. This is seen in the
energy plots in Figure B.1(a) and (b) where less storage is required for 100 kW of peak reduction
(91 kWh) compared to the baseline building only scenario (178 kWh). This is also evident from
the load duration curve (Figure 7), which has a sharper peak at the beginning of the curve. The
maximum C-rate is also higher for these cases up to 100-kW peak reduction because less capacity

is used for each kW of load reduction.

Adding PV also reduces the load in the middle of the day, providing more time to charge the
storage and a lower ‘flattened’ peak that corresponds to the end of the curves in Figure B.1. Again,
the load duration curve shows this possibility by the steep drop off at the end of the curve (“tail”)—
a steeper load duration curve signifies more potential for peak reduction compared to a flat load
duration curve. The efficiency of the thermal storage charging in the middle of the day will likely
decrease because it is hotter outside (higher required temperature lift), but this effect is not included

here.
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B+EV (July): The load profile for the B+EV scenario (Figure B.1(c)) shows larger peak-demand
reduction potential than the B+PV scenario because the load duration curve is steeper for the first
75% of the curve, and the absolute peak (1050 kW) is much higher than the Building or B+PV
scenarios (~700 kW). Although the peak reduction is larger, the resulting load for the maximum
peak reduction (flat load duration curve) is still higher than for the baseline Building or B+PV

scenarios.

The C-rate curve is also substantially higher for the B+EV scenario, but it still ends around C/5
for the maximum peak reduction case. This means the storage strategy for the scenarios with EVs
could either be a modest capacity with high power, or a modest power with a large energy capacity.
For example, it could be a 150-kW / 50-kWh storage (3C) for a 150 kW peak reduction, or a 400-
kW / 1200-kWh storage (C/3) for a 400-kW peak reduction. For comparison, a 50-kWh storage
for the building-only scenario would provide 50 kW peak reduction (1C).
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Figure B.1: Impact of peak reduction on required hybrid energy storage capacity (including minimum battery size needed to meet nonthermal loads), required

power for both hybrid components, and C-rate for both hybrid components for the four analyzed scenarios: (a) Building only, (b) Building with PV, (c) Building
with EV, and (d) Building with PV and EV; Summer design month
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The introduction of DC fast charging EV stations also requires battery storage past a 400-kW
demand reduction. This 400 kW is the electric demand from air conditioning that corresponds to
the peak in the load duration curve. The battery size then increases to shave each additional kW
past 400-kW peak reduction. But the size differs depending on whether it is constrained to a 1C or
4C discharge rate. These are shown with the solid and dashed yellow lines, respectively, in Figure
B.1(c).

B+PV+EV (July): Adding PV to the B+EV scenario expands the possible peak-load reduction by

allowing more charging during the low ‘tail’ of electric demand in the load duration curve. Like
the B+EV scenario, a battery is required past 400-kW peak demand reduction as TES already

meets the thermal loads.

Figure B.2 is laid out the same as Figure B.1, but shows the results for January. Overall, all
scenarios require some battery capacity since cooling load is lowest this month of the year and in
many locations in the US would be zero, depending on the building type. Results for January would
be considerably different if considering a heating TES application, in which a storage media is

coupled with a heat-pump or electric-resistance heater for space heating in a colder climate.

Building only (January): A battery is required to reduce the peak by more than 90 kW, but adding
a battery also enables more thermal storage. The battery provides access to more thermal load as
we move further to the right on the load duration curve. For a given size of thermal storage, the C-
rates will generally be lower in January than July because the load is much smaller. Above the 90-
kW peak reduction, the C-rate for the battery is high, but a battery was not needed in July because

all of the demand reduction could be met by the thermal storage.

B+PV (January): Like July, adding PV increases the possible peak reduction. The maximum peak

reduced by thermal storage is now 100 kW instead of 115 kW for the building-only case, because
the PV moved that timestep from the beginning of the load duration curve to the end.

B+EV (January): Adding DC fast chargers pushes the need for a battery to lower peak reduction

levels because some EV charging is non-coincident with the thermal load. This is also true in July,
but the ratio of the thermal electric load to the EV load makes this much less common. When

adding the battery, the required C-rates are also large because of the short duration and high power

41

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



of the EV charging events. The maximum peak demand is also much higher when adding EVs

(425 kW), which means there is a need for a much larger battery.

B+PV+EV (January): Adding PV does not substantially change the shape of these curves

compared to the B+EV scenario, but again increases the possible peak demand reduction (500

kW). For this and the B+EV scenario, the battery must be upsized to avoid power above 1C.
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Figure B.2: Impact of peak reduction on required hybrid energy storage capacity (including minimum battery size needed to meet nonthermal loads), required
power for both hybrid components, and C-rate for both hybrid components for the four analyzed scenarios: (a) Building only, (b) Building with PV, (c) Building
with EV, and (d) Building with PV and EV; Winter design month
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Figures B.3 and B.4 show hourly data for July for the baseline Building and B+PV+EV scenarios,
respectively. The blue curve is the building without energy storage (Total), while the purple curve
is the electric load due to air conditioning (Thermal). Our algorithm first determines how to
discharge and charge the thermal storage to reduce the peak as much as possible. When the green
dashed line (Thermal with TES) is above the Thermal base line, the thermal storage is being
charged, and when it is below the Thermal baseline, the thermal storage is being discharged. This
drops the total electric load profile to the red line (Total with TES). This is a “logical” profile
showing the contribution from TES when presuming BES is also present and is not necessarily the
objective profile for a TES-only system. In the baseline Building-only scenario, the thermal storage
is charged at night and discharged during the day. This is typical of current installations of chiller-

integrated thermal storge systems, including chilled-water tanks and ice storage systems.

Figure B.4 has four graphs each showing (a) the maximum electrical energy displaced by thermal
storage, (b) the maximum electrical energy displaced by battery storage, (c) the maximum power
required by TES, and (d) the maximum power required by the battery. In these cases, the day that
dictates the size for power and energy is different, and the right two plots are added because this

scenario requires a battery for this level of demand reduction.

The plots in Figure B.4 show that the thermal storage requirements are much different when adding
PV and EV charging. The PV shifts the charging period to the middle of the day, and the EV
charging requires the thermal storage to continually change its charge and discharge power, and in

some cases alternate between charging and discharging over a short period.

As the peak reduction is increased for the B+PV+EV scenario, the green dashed line eventually
hits zero (at hour 19), and there is no more thermal load to displace at that timestep. This is caused
by the spikes due to EV charging. At these points, thermal storage is unable to independently
reduce the peak, and a small battery is required to shave the total load to the desired level. The
final load profile is the yellow dashed/dotted line, which is the total electric load at the meter when
using thermal and battery storage (Total with TES+BES). The difference between the red and

dashed/dotted yellow lines is the battery discharge power at that timestep.

In Figure B.4(b), the load is flattened (i.e., all peaks shaved and all valleys filled), meaning the
flattened value on July 22 corresponds to the minimum possible peak for this month. Therefore,

the storage dispatch strategy must exactly follow the profile shown to obtain the maximum
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theoretical peak shaving. Although the peak BES energy utilization occurs on day 22 (Figure B.4
(b)), the peak power occurs on day 31 (Figure B.4(d)), when the EV charging power is higher but
for a shorter duration. Therefore, the C-rate limited power requirement is driven by the 31% day
even though the 22" day, with its two lower-power spikes, use more energy.
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Figure B.3: (a) Daily electric power demand profiles resulting from 200kW shaving in July for the Building
scenario; (b) Daily electric power demand profiles resulting from 149-kW shaving in January for the Building

scenario.
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Figure B.4: Daily electric power demand profiles resulting from maximum shaving (549 kW) in July for the

B+PV+EV scenario, (a) July 25 showing day with highest TES energy, (b) July 22 showing day with highest BES

energy, (c) July 14 showing day with highest TES power, and (d) July 31 showing day with highest BES power
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