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Abstract 14 

The residential time-of-use (TOU) rates have been increasingly discussed or implemented by the US power 15 

utilities. The TOU rate design can potentially promote residential battery installations targeting increased 16 

selling or utilization of solar energy during the on-peak hours. However, our understanding in terms of the 17 

design and management of solar photovoltaic (PV)-battery systems for economic, environmental, and grid 18 

co-benefits under the TOU design remains limited. This study integrated system dynamics modeling with 19 

life cycle assessment to investigate the peak load reduction, life cycle cost, as well as life cycle climate 20 

change, water depletion, and fossil fuel depletion effects of residential grid-connected PV-battery systems 21 

under a TOU rate design. A residential prototype house in the Boston-Logan area, MA was selected for 22 

model simulation. Our study found solar PV-battery systems that maximize the on-peak grid selling can 23 

achieve the highest on-peak load reduction and economic benefits. However, they may not result in the 24 

highest environmental benefits, as on-peak hours have lower carbon emission and fossil fuel depletion 25 



factors as compared with the mid-peak hours in the New England grid. This suggests a potential tradeoff 26 

between the need of on-peak load reduction, economic saving, and environmental protection. Installing a 27 

PV system alone presents relatively strong economic and environmental performances, but its on-peak load 28 

reduction is limited. Installing a battery system but without an effective control strategy might result in 29 

relatively weak peak-load reduction, economic, and environmental outcomes. This highlights the 30 

importance of effective battery control in the implementation of solar PV-battery systems.  31 
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1. Introduction 38 

Managing the daily and hourly fluctuations in electricity demand has been a long-standing problem within 39 

the power utility sector (Gelazanskas and Gamage, 2014; Oconnell et al., 2014; Uddin et al., 2018). To 40 

meet the peak demand, excess generation with fast response capabilities have to be installed, and more 41 

expensive fuels, such as natural gas, are normally used (ISO-NE, 2018). These peaking resources require 42 

substantial capital and operational investment (Uddin et al., 2018), yet they are only used during the limited 43 

on-peak windows (IRENA, 2019). Residential solar photovoltaic (PV) systems have traditionally been 44 

viewed as a potential means to reduce peak load (Huang et al., 2017). Over the last decade, installations of 45 

residential PV systems have boomed, and these systems currently contribute to around 0.77% of the total 46 

generation in the US (EIA, 2019, 2020). However, recent studies indicate that the large penetration of 47 

residential solar PV systems might result in a steeper ramp-up after the sun begins to set and use rises (Alam 48 

et al., 2014; Sukumar et al., 2018), making it more difficult for the grid operators to accommodate (Eltawil 49 

and Zhao, 2010). One potential solution to this steep ramp could be expanding storage at the residential 50 

scale (Sukumar et al., 2018). Less than 5% of the residential and commercial PV systems in the US have 51 

energy storage capacities currently (SEIA, 2020a, 2020b). Even among this small number of storage 52 

installations, only about 15% are managed for load control (Nottrott et al., 2012; O’Shaughnessy et al., 53 

2018). 54 

 55 

To help alleviate peak load pressure, utilities in the US have started to explore or implement residential 56 

time-of-use (TOU) pricing rates (Newsham and Bowker, 2010). TOU pricing refers to a rate structure that 57 

establishes a higher electricity use/sell price during the on-peak and/or mid-peak hours, and a lower price 58 

during off-peak hours (Dufo-López and Bernal-Agustín, 2015; Haider et al., 2016). Implementation of TOU 59 

rates can promote residential battery installations by encouraging increased selling/utilization of solar 60 

energy during the on-peak hours (Zhang and Tang, 2019). The design and operation strategy for these 61 

systems can influence the economic, environmental, as well as the peak load reduction benefits. For 62 

instance, management strategies that target peak load reduction might also speed up battery degradation 63 



and hence increase replacement or maintenance costs (Martins et al., 2018). Our understanding regarding 64 

how to design and manage solar PV-battery systems for economic, environmental, and grid co-benefits 65 

remains limited. Such an understanding is especially important given the Federal Energy Regulatory 66 

Commission’s recent Order 2222, which will result in promoting the participation of aggregated distributed 67 

energy resources in the organized electricity wholesale markets (FERC, 2020).  68 

 69 

Many previous studies only focused on the technical performances of the solar PV-battery systems under 70 

TOU rate designs, which were often measured in terms of the ramp rate of the PV output (Sukumar et al., 71 

2018), solar energy consumption (Alramlawi et al., 2018; Khoury et al., 2016), grid use and sell (Alramlawi 72 

et al., 2018; Khoury et al., 2016), and peak load reduction (Huang et al., 2017; Schibuola et al., 2017; Uddin 73 

et al., 2018). Particularly, peak load reduction was found to be up to 50% at a household scale when the 74 

PV-battery systems were managed according to the TOU rate designs (Huang et al., 2017; Schibuola et al., 75 

2017; Uddin et al., 2018). Additional studies have investigated both the peak load reduction and economic 76 

performances of solar PV-battery systems under TOU rate, comparing different battery control strategies 77 

(Khalilpour and Vassallo, 2016; Martins et al., 2018; Zhang and Tang, 2019), demand load profiles (Linssen 78 

et al., 2017), battery types (Parra and Patel, 2016), and battery storage capacities (van der Stelt et al., 2018; 79 

Zhang et al., 2017). Some of these studies found the installation of solar PV-battery systems can provide 80 

synergistic benefits of both peak load reductions and economic benefits for users (Khalilpour and Vassallo, 81 

2016; Linssen et al., 2017; van der Stelt et al., 2018; Zhang et al., 2017; Zhang and Tang, 2019), while 82 

others highlighted tradeoffs between peak load reductions and economic savings, especially when the 83 

batteries’ initial and replacement costs were considered (Martins et al., 2018; Parra and Patel, 2016). Not 84 

many studies have investigated the environmental performances of solar PV-battery systems under the TOU 85 

rate design. Hiremath et al. (2015) and Sun et al. (2019) investigated the cumulative energy demand or 86 

carbon footprint of various solar PV-battery system designs (e.g., different battery types and storage 87 

capacities) considering grid mix changes during on- and off-peak hours. None of these studies, however, 88 

considered the influence of battery management strategies on the environmental outcomes. Fares and 89 



Webber (2017) and Litjens et al. (2018) further investigated tradeoffs between the peak load reduction and 90 

the life cycle environmental impacts of residential solar PV-battery systems. While both studies consistently 91 

reported reduced peak load when battery is added to a solar PV system, no consensus was found on whether 92 

or not the battery additions can reduce carbon emissions. Only three studies further considered solar PV-93 

battery systems’ economic performance in addition to their peak load reduction and environmental 94 

performances under the TOU rate design (Mariaud et al., 2017; Nojavan et al., 2017; Yang and Xia, 2017). 95 

Nojavan et al. (2017) and Yang and Xia (2017) found peak load reduction, economic, and carbon benefits 96 

can be achieved simultaneously through optimized battery control strategies. However, Mariaud et al. (2017) 97 

found installation of a PV-battery system can provide peak load reduction and carbon benefits, but it might 98 

increase the overall cost. This discrepancy is potentially a result of the different incentive designs and PV-99 

battery technology costs considered. None of these studies, however, took account of the carbon emissions 100 

associated with battery manufacturing and replacement. 101 

 102 

To address this knowledge gap, this study integrated system dynamics modeling (SDM) with life cycle cost 103 

and environmental assessment to investigate the preferred design and operation strategies of PV-battery 104 

systems under TOU rate design. The modeling framework was applied to a 5-unit prototype house in the 105 

Boston-Logan area, Massachusetts of the United States as a testbed. The Boston area was selected because 106 

of its strong in-place solar incentive programs (MassCEC, 2020), and its active pursue of renewable energy 107 

and storage (Mass.gov, 2020a). Five performance measures were used to evaluate different PV-battery 108 

system design and management scenarios: peak load reduction, life cycle cost (LCC), fossil fuel depletion, 109 

carbon footprint, and water footprint. This study aims to evaluate and understand the tradeoffs among the 110 

peak load reduction, economic, and environmental performances of different solar PV-battery system 111 

design and management scenarios under TOU rates in support of future pertinent policy and incentive 112 

designs. 113 

 114 

2. Methodology 115 



2.1 System and scenario descriptions 116 

The grid-connected polycrystalline silicon (poly-Si) PV panel and Li-Ion battery system was selected in 117 

this study given their popularity and cost competitiveness (Sharma et al., 2015). Figure 1 presents a 118 

schematic of the setup of the studied system. The PV-battery system was applied to a prototype low-rise 119 

multifamily house based on the US Department of Energy’s House Simulation Protocol (Wilson et al., 120 

2014). The hourly load profiles of this prototype house was collected from the Open Energy Information 121 

database for the Boston Logan area, MA for our simulation (NREL, 2014). The grid fuel mix was collected 122 

from ISO New England Inc. (ISO-NE), an independent and non-profit Regional Transmission Organization 123 

(RTO) serving the New England area (ISO-NE, 2018). 124 

 125 

 126 

Figure 1. Schematic of the GC solar PV-battery system 127 

 128 

The TOU rate structure adopted in this study came from a pilot study conducted by the Liberty Utilities in 129 

2018 (Tebbetts, 2018), which includes an off-peak, mid-peak, and on-peak rate (Figure 2). For comparison 130 

purpose, a flat rate structure was also investigated, which utilizes a constant rate of 16 cents/kWh calculated 131 

as the average electricity rate in New England area from 2016 to 2017 (NREL, 2017). For simplicity, solar 132 
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feed-in-tariffs were assumed to be the same as electricity retail prices under both TOU and flat rate 133 

structures. 134 

 135 

 136 

Figure 2. The TOU rate design that is utilized in this study 137 

 138 

Five solar PV-battery design and management scenarios were investigated (Figure 1). Scenario 1 (S1) 139 

describes a baseline condition where no PV or battery was installed. The household relies entirely on the 140 

grid. Scenario 2 (S2) represents a condition where only PV panels were installed. The panel size was 141 

assumed to be 12.2 kW, which was designed to meet the peak load of the prototype house. The same panel 142 

size was also utilized in the following scenarios. Scenario 3 (S3) is when both PV and batteries were 143 

installed but the battery system was not managed according to the TOU rate structure. Only solar energy 144 

can charge the battery. Scenario 4A (S4A) is when both PV and batteries were installed and managed 145 

according to the TOU rate structure. Only solar energy can charge the battery. Scenario 4B (S4B) is similar 146 

to S4A except that both solar energy and the grid were allowed to charge the batteries. These scenarios are 147 

reflective of the typical residential PV system designs and/or operation strategies with consideration of 148 

potential user benefits and the developing policy initiatives in the energy industry. The rules of system 149 

control under each scenario were further discussed in Section 2.2.1. 150 

 151 

2.2 Description of the modeling framework 152 
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Load reduction, economic, and environmental performances were assessed in this study by integrating SDM, 153 

life cycle cost assessment (LCCA), and life cycle assessment (LCA). SDM is a computational method 154 

applying a set of linked differential equations to simulate the behavior of complex systems over a certain 155 

time period and studying the interactions among system components through capturing system feedback 156 

loops and delays (Forrester, 1997; Sterman, 2000). LCCA adopts a net present value (NPV) method to 157 

account for all economic costs and savings that incur during the life span of a PV-battery system (Durairaj 158 

et al., 2002). LCA assesses the supply chain environmental impacts attributable to the entire life cycle of a 159 

PV-battery system (Rebitzer et al., 2004). In this study, the SDM was used to simulate the dynamic behavior 160 

of energy generation, storage, and grid sell on a thirty-minute step over a typical year (Peng et al., 2017; 161 

Reddi et al., 2013; Ren et al., 2020). Outcomes from the SDM were used to inform the off-, mid-, and on-162 

peak load reductions, costs/savings, fossil fuel depletion, carbon footprint, and water footprint calculations 163 

over the 20-year use life of the solar PV-battery systems. The conventional LCCA and LCA methods were 164 

applied to the manufacturing, transportation, maintenance (i.e., battery replacement) phases of the solar 165 

PV-battery systems. 166 

 167 

2.2.1 System dynamics modeling of the solar PV-battery system 168 

The SDM was developed in Vensim DSS® software given its wide application (Ford and Ford, 1999). This 169 

section was intended to provide a brief overview of the SDM, while a more detailed model description can 170 

be found in Ren et al. (2020). 171 

 172 

Solar energy generation was calculated following a method that was used in the HOMER software, adjusted 173 

to consider the cooling effect provided by wind (Section 1 in Supporting Information) (Ren et al., 2020). 174 

The amount of generation depends on three key time-varying input variables: incident solar radiation, 175 

ambient temperature, and wind speed. All three variables were obtained from the National Solar Radiation 176 

Database (NREL, 2015). Battery storage was simulated based upon battery charge, discharge, and energy 177 

loss at each time step. The initial battery storage was assumed to be zero. The charging and discharging 178 



rates depend on the total charging/discharging need and the existing battery storage at each time step, as 179 

well as the total battery storage capacity. These rates were constrained by the maximum charging and 180 

discharging rates calculated based upon the percent vacancy of the battery capacity at each time step (Eq. 181 

S4-8 in Supporting Information) (Energy, 2017). Energy loss during charging and discharging was 182 

calculated based upon the system round-trip efficiency, which was assumed to be 80% (around 10.6% of 183 

the charging and discharging rates was lost) (Dufo-López and Bernal-Agustín, 2015). In addition, battery 184 

replacement over the system lifespan was estimated through the ratio of the actual battery system 185 

throughput to the rated battery system throughput (HOMER, 2017). 186 

 187 

The SDM contains an energy balance sub-model which controls the allocation of the generated solar energy 188 

to house consumption, battery charge, and grid sell as well as the timing and amount of battery charge and 189 

discharge. Grid sell was assumed to be unconstrainted considering the current Massachusetts Net Metering 190 

policy (Mass.gov, 2020b). Table 1 presents the rules of system control under the five scenarios. 191 

 192 

Table 1. Prioritization of generated solar energy distribution 193 

Peak time S1 S2 S3 S4A S4B 

off-peak 

No solar 
energy is 

generated.  

Solar 
energy 

generated 
is 

prioritized 
for 

meeting 
household 
demand 
before 

grid sell. 

Solar energy 
prioritization goes 

from meeting 
household demand, 
battery charging to 

grid sell. Battery 
storage is discharged 
whenever household 
demand cannot be 

met by the solar 
energy before the grid 

kicks in. 

Solar energy 
prioritization 
goes from 

battery charging, 
meeting 

household 
demand to grid 
sell. Battery is 
not discharged 

during this 
period. 

Solar energy prioritization goes from 
battery charging, meeting household 
demand to grid sell. Grid charge only 

kicks in if the battery is not fully charged 
by the solar energy 30 mins before the 

off-peak period ends. Thirty minutes 
were assumed to be sufficient to fully 

charge the battery system. Battery is not 
discharged during this period. 

mid-peak 

Solar energy generated during this 
period is prioritized for meeting 

household demand and then grid sell. 
The battery system remains fully charged 

and inactive. 

on-peak 
Battery is fully discharged for grid sell and then remains 

inactive. Solar energy generated is prioritized for meeting 
household demand before grid sell. 

 194 

Load reductions (kWh) during different time periods were calculated using Equation 1.  195 

 196 

𝑅𝑙𝑜𝑎𝑑 = ∫ (𝐸𝑠𝑜𝑙𝑎𝑟 + 𝐸𝑠𝑒𝑙𝑙,𝑃𝑉 + 𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑔) 𝑑𝑡
𝑡

 𝑡0
  ∙∙∙ ∙∙∙ Equation 1 197 



 198 

Where, 199 

𝑅𝑙𝑜𝑎𝑑 represents the load reduction of the grid, kWh; 200 

𝐸𝑠𝑜𝑙𝑎𝑟 is the household demand met by solar energy, kW; 201 

𝐸𝑠𝑒𝑙𝑙,𝑃𝑉 is the direct grid sell from the PV system, kW; 202 

𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑔 is the grid sell from the battery storage, kW. 203 

 204 

2.3 Life cycle cost assessment 205 

The LCC of installing a solar PV-battery system was calculated as the NPV of the capital cost, operation 206 

and maintenance (O&M) cost, tax credit and rebate using Equation 2. The capital cost of the system includes 207 

the costs of panels and racking ($1/Watt of generation capacity) (McFarland, 2014), batteries ($209/kWh 208 

of storage capacity) (Curry, 2017), inverters ($300/inverter unit) (HOMER, 2018), permission 209 

($450/system) (NREL, 2017), and labor (calculated based upon a tiered pricing; Figure S3 in Supporting 210 

Information) (HomeAdvisor, 2019). All future costs were discounted to the year of 2020 applying a 211 

discount rate of 5% (Ren et al., 2020). 212 

 213 

𝐶 = 𝐶𝑐 − 𝐶𝑟 + ∑ [
𝐶𝑜,𝑛+𝑟 𝑜𝑓𝑓 ∫ (𝐸𝑢,𝑡−𝐸𝑠,𝑡−𝐸𝑑,𝑡) 𝑑𝑡

 𝑡𝑜𝑓𝑓
+𝑟𝑚𝑖𝑑 ∫ (𝐸𝑢,𝑡−𝐸𝑠,𝑡−𝐸𝑑,𝑡) 𝑑𝑡

 𝑡𝑚𝑖𝑑
+𝑟𝑜𝑛 ∫ (𝐸𝑢,𝑡−𝐸𝑠,𝑡−𝐸𝑑,𝑡) 𝑑𝑡

 𝑡𝑜𝑛

(1+𝑑)𝑛
]𝑛=𝐿

𝑛=0  214 

∙∙∙ ∙∙∙ Equation 2 215 

 216 

Where, 217 

𝐶 represents the LCC of a PV-battery system, $; 218 

𝐶𝑐 is the capital cost of the system, $; 219 

𝐶𝑟 is the tax credit (30% of the capital cost) (IRS, 2019), and rebate ($0.25/Watt of installed PV capacity) 220 

(NHMA, 2015); 221 

𝐿 is the life span of the solar PV system, 20 years; 222 



𝐶𝑜,𝑛 is the battery replacement cost in one year, $; 223 

𝑟 𝑜𝑓𝑓, 𝑟𝑚𝑖𝑑, and 𝑟𝑜𝑛 are the off-peak, mid-peak, and on-peak rates respectively, $/kWh; 224 

 𝑡𝑜𝑓𝑓,  𝑡𝑚𝑖𝑑, and  𝑡𝑜𝑛 are the duration of off-peak, mid-peak, and on-peak time in a year respectively, 225 

hours; 226 

𝐸𝑢,𝑡 is the actual grid use, kW; 227 

𝐸𝑠,𝑡 is the direct grid sell from the PV system, kW; 228 

𝐸𝑑,𝑡 is the grid sell from the battery storage, kW; 229 

𝑑 is the discount rate, 5%; 230 

n is the year index; 231 

𝐸𝑢,𝑡, 𝐸𝑠,𝑡, and 𝐸𝑑,𝑡 were obtained from the SDM model. 232 

 233 

2.4 Life cycle assessment 234 

Environmental impacts considering life cycle stages of manufacturing, transportation, and operation were 235 

assessed using Equation 3. The global average manufacturing impacts of the solar PV-battery system 236 

components obtained from the EcoInvent 3.0 were utilized in this study. The operation phase considers the 237 

environmental impacts related to the grid use and the replacement of batteries over the life cycle. The 238 

savings from solar energy consumption and grid sell were also considered in the operation phase. The 239 

disposal phase of the PV-battery system is not considered following (Bernardes et al., 2004; Grinenko, 240 

2018). SimaPro 8.3 was used for charactering the environmental impacts. Specifically, the ReCiPe 241 

Midpoint (H) 1.12, Europe Recipe H was used for estimating the climate change, fossil fuel depletion, and 242 

water depletion impacts associated with each PV-battery system components. The SimaPro entries, unit 243 

costs, and environmental impacts of the PV-battery system components are provided in Table S1 of the 244 

supporting information. 245 

 246 



𝐼 = 𝐼𝑚 + 𝐼𝑡 + [𝐼𝑟 + 𝑓 𝑜𝑓𝑓 ∫ (𝐸𝑢,𝑡 − 𝐸𝑠,𝑡 − 𝐸𝑑,𝑡) 𝑑𝑡
 𝑡𝑜𝑓𝑓

+ 𝑓𝑚𝑖𝑑 ∫ (𝐸𝑢,𝑡 − 𝐸𝑠,𝑡 − 𝐸𝑑,𝑡) 𝑑𝑡
 𝑡𝑚𝑖𝑑

+247 

𝑓𝑜𝑛 ∫ (𝐸𝑢,𝑡 − 𝐸𝑠,𝑡 − 𝐸𝑑,𝑡) 𝑑𝑡
 𝑡𝑜𝑛

] 𝐿  ∙∙∙ ∙∙∙ Equation 3 248 

 249 

Where, 250 

𝐼 represents the life cycle environmental impacts of a PV-battery system, kg CO2 eq., kg oil eq., or L; 251 

𝐼𝑚 is the environmental impacts associated with system manufacturing, kg CO2 eq., kg oil eq., or L; 252 

𝐼𝑡 is the environmental impacts associated with system transportation, kg CO2 eq., kg oil eq., or L; 253 

𝐼𝑟 is the annual environmental impacts of the replacement of batteries, kg CO2 eq., kg oil eq., or L; 254 

𝑓 𝑜𝑓𝑓, 𝑓𝑚𝑖𝑑, and 𝑓𝑜𝑛 are the unit environmental impacts during off-, mid-, and on-peak periods respectively, 255 

kg CO2 eq./kWh, kg oil eq./kWh, or L/kWh; 256 

𝑡𝑜𝑓𝑓,  𝑡𝑚𝑖𝑑, and  𝑡𝑜𝑛 are the duration of off-peak, mid-peak, and on-peak time in a year respectively, 257 

hours; 258 

𝐸𝑢,𝑡 is the actual grid use, kW; 259 

𝐸𝑠,𝑡 is the direct grid sell from the PV system, kW; 260 

𝐸𝑑,𝑡 is the grid sell from the battery storage, kW; 261 

𝐿 is the life span of the PV system, 20 years. 262 

 263 

𝑓 𝑜𝑓𝑓, 𝑓𝑚𝑖𝑑, and 𝑓𝑜𝑛 were calculated based upon the 2017 New England grid fuel mix profile (Figure 3a) 264 

obtained from the Independent System Operator-New England (ISO-NE) database (ISO-NE, 2018). 265 

Particularly, 𝑓 𝑜𝑓𝑓 was calculated based on the utility fuel mix profile of the off-peak period during 2017. 266 

𝑓𝑚𝑖𝑑 was calculated based on the additional load in GW provided by different fuel types during the mid-267 

peak period as compared to the off-peak period (Figure 3b). 𝑓𝑜𝑛 was calculated based on the additional load 268 

in GW provided by different fuel types during the on-peak period as compared to the mid-peak period. As 269 

such, our calculations reflect the “actual” fuel mix that is replaced as a result of the installation of solar PV-270 



battery systems. Figure 3c presents the unit environmental impacts associated with carbon emissions, water 271 

consumption, and fossil fuel depletion during the off-, mid-, and on-peak periods. Unit environmental 272 

impacts associated with each fuel type are provided in Table S2 of the supporting information. 273 

 274 

 275 

Figure 3. (a) Average annual grid load during the off-, mid-, and on-peak periods obtained from the 276 

Independent System Operator-New England (ISO-NE); (b) percentages of grid fuel mix that were used 277 

for calculating carbon emission, water consumption, and fossil fuel depletion factors during the mid- and 278 

on-peak periods; and, (c) estimated unit carbon emission, water consumption, and fossil fuel depletion per 279 

kWh of electricity consumption during the off-, mid-, and on-peak periods 280 
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2.5 Sensitivity analysis 282 

A sensitivity analysis was performed to investigate the influence of TOU rate structure, discount rate, on-283 

peak grid fuel mix, and duration of on-peak period on the economic and environmental performances of a 284 

typical PV-battery system with 50 panels and 50 batteries installed on the prototype house. Particularly, the 285 

model’s sensitivity to changes in the on-peak grid fuel mix was investigated by changing the hydropower 286 

and natural gas contributions in the grid during the on-peak hours, given their significance. We investigated 287 

scenarios where the increase in the percentage of on-peak hydropower grid contribution was associated 288 

with a corresponding decrease in the natural gas contribution, and vice versa. Hence, the total on-peak grid 289 

demand remained the same under these scenarios. We also assumed the change of on-peak period duration 290 

is associated with equal changes in both off- and mid-peak durations (Table S3 of the supporting 291 

information). For instance, a 2.5-hour increase in the on-peak period is associated with a 1.25-hour decrease 292 

in the mid-peak period immediately preceding the on-peak period, plus a 1.25-hour decrease in the off-peak 293 

period that immediately follows. Each of the selected input variables were varied by ± 50%. A sensitivity 294 

index (𝐷) was calculated for each input change using Equation 4 (Ren et al., 2020; Song et al., 2019). 295 

 296 

𝐷 =

𝑑𝑖−𝑑𝑏
𝑑𝑏

𝐼𝑖−𝐼𝑏
𝐼𝑏

  ∙∙∙ ∙∙∙ Equation 4 297 

Where 𝑑𝑖 is the output value after the input was changed; 𝑑𝑏 is the base output value; 𝐼𝑖 is the altered input 298 

value; and 𝐼𝑏 is the original input value. Inputs were considered “highly sensitive” if |𝐷| >1.00. 299 

 300 

3. Results and Discussion 301 

3.1 Solar and grid energy utilization and peak load reduction 302 

Figure 4 presents the daily solar energy generation and utilization, battery charge, and grid sell/use patterns 303 

of the prototype building with 50 panels and 50 batteries during a typical winter (left) and a typical summer 304 

(right) day. The building’s peak electricity usage periods (6-8 AM and PM) only slightly overlaps with the 305 



on-peak period (2-7 PM) designated by the TOU rate structure, indicating a potential need of energy storage 306 

systems. Overall, the studied building uses 1.75 times more energy on the winter day as compared to the 307 

summer day, which can be attributed to the higher heating demand in winter. 308 

 309 

Installing a 50-panel PV system in the prototype building (Scenario S2) can provide load reductions both 310 

during mid-peak and on-peak hours (Figures 4a and 4b). The on-peak load reduction is much higher on a 311 

typical summer day mainly due to the seasonal changes in solar energy generation. Adding an “uncontrolled” 312 

51-kW battery system (Scenario S3), however, may decrease the peak load reduction benefits (Figures 4c 313 

and 4d). The total load reductions during the mid- and on-peak periods are around 91.8% and 49.9% of 314 

those associated with Scenario S2 in winter and summer, respectively. This is because the large amount of 315 

solar energy generated during the mid- or on-peak hours, especially in summer, may be stored and used 316 

during the off-peak hours as compared to Scenario S2. While Scenario S3 has limited peak load reduction 317 

benefits in a grid-connected setting, it might appeal in a standalone system that is not grid-connected. When 318 

the on-peak load reduction is considered alone, Scenario S3 can potentially provide increased load reduction 319 

during winter but decreased load reduction during summer, indicating the importance of seasonal variations 320 

of solar energy generation patterns. When the battery system is controlled for peak load reduction (Scenario 321 

S4A), the total mid- and on-peak load reductions are 87.9% and 94.4% of those associated with Scenario 322 

S2 in winter and summer, respectively; and the on-peak load reductions are 2.7 and 1.6 times of those 323 

associated with Scenario S2 in winter and summer, respectively (Figures 4e and 4f). This shows battery 324 

control can effectively increase on-peak load reduction, but its charging and discharging losses might 325 

slightly reduce the total mid-and on-peak load reduction benefit. When the grid is allowed to charge 326 

batteries (Scenario S4B), peak load reduction benefit is the highest (Figures 4g and 4h). The total mid- and 327 

on-peak load reductions are 2.6 and 2.0 times of those associated with Scenario S2 in winter and summer 328 

respectively, while the on-peak load reductions are 10.0 and 3.0 times of those associated with Scenario S2 329 

in winter and summer respectively.  330 

  331 



 332 

Figure 4. Solar energy and grid electricity utilization of the typical solar PV-battery system in Scenarios 333 

S2 (a and b), S3 (c and d), S4A (e and f), and S4B (g and h) on a typical winter day and a typical summer 334 

day. Figures on the left-hand side (a, c, e, g) correspond to a typical winter day and figures on the right-335 

hand side (b, d, f, h) correspond to a typical summer day.  336 

 337 
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Figure 5 further presents annual load reductions under the simulated scenarios. Scenario S4B provides the 338 

highest peak load reduction benefit considering either on-peak hours alone or on-peak and mid-peak hours 339 

combined, 5.2 and 3.3 times of the lowest counterparts. However, around 80.7% of the on-peak load 340 

reduction is provided by the grid energy from off-peak hours rather than solar energy generated. Scenario 341 

S2 has the lowest on-peak load reduction, while Scenario S3 has the lowest load reduction when mid- and 342 

on-peak hours are combined. 343 

 344 

 345 

Figure 5. Annual total load reductions in the simulated scenarios. The green line plot shows the sum of 346 

load reductions from mid- and on-peak hours. 347 

 348 

3.2 Life cycle cost assessment 349 

Figure 6 presents the LCCs of the simulated scenarios considering different battery sizes. Under the TOU 350 

rate design, Scenario S4B consistently presents the lowest LCC regardless of battery size, by taking 351 

advantage of the price difference between off- and on-peak hours. It is also the only scenario that is able to 352 

achieve net cost saving when the battery size is sufficiently large. However, this might be subject to policies 353 

including caps on residential charge from and resell to the grid. The ranking of the other scenarios change 354 

1.17 4.87 0.39

-19.42

10.64 4.84

3.46

10.64

3.97
4.72

10.29

14.61

9.56
13.75

31.28

-30

-20

-10

0

10

20

30

40

S2 S3 S4A S4B

L
o

a
d

 r
e

d
u

c
ti
o

n
, 
M

W
h

Scenario

on-peak

mid-peak

off-peak

peak load reduction

S1 Grid use, MWh

off-peak 10.44

mid-peak 4.26

on-peak 4.84

annual total 19.54

on-peak load reduction 

from off-peak grid charging

3.98

16.66



based on battery size. When the battery size is relatively small (5-20 batteries), Scenarios S2 and S4A 355 

present similarly low LCC, followed by Scenario S3, while Scenario S1 presents significantly higher LCC 356 

compared with the remaining scenarios. When the battery size is relatively large (80-160 batteries), 357 

Scenario S2 has the second lowest LCC, followed by Scenarios S4A and S1, while Scenario S3 has the 358 

highest LCC. This indicates the importance of matching battery sizing and control strategies to achieve the 359 

lowest LCC. Compared with the current flat rate structure, the TOU rate design results in an economic 360 

benefit for the prototype house. Under the flat rate design, Scenario S2 always presents the lowest LCC 361 

regardless of battery size, indicating a potential lack of economic incentive to install battery storage systems. 362 

 363 

 364 

Figure 6. LCCs (discount rate: 5%) of the solar PV-battery systems under TOU and flat rate designs 365 

considering different management (Scenarios S1-S4B) and battery sizing scenarios 366 

 367 

3.3 Life cycle environmental assessment 368 

Figure 7 presents the life cycle climate change, water depletion, and fossil fuel depletion effects under 369 

varied battery sizing and control strategies for the prototype house. The life cycle climate change, water 370 

3.9

2.8

1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 50 80 160

L
if
e
 c

y
c
le

 c
o
s
t,
 1

0
k
 $

Number of batteries

3.9

2.8

1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e
 c

yc
le

 c
o
s
t,
 1

0
k
 $

Number of batteries

3.9

1.7
1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160
L
if
e
 c

yc
le

 c
o
s
t,
 1

0
k
 $

Number of batteries

Flat_No control TOU_No control

Flat_A TOU_A

Flat_B TOU_B

Flat_No PV TOU_No PV

Flat_PV no battery TOU_PV no battery

3.9

1.71.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e
 c

yc
le

 c
o
s
t,
 1

0
k
 $

Number of batteries

3.9

1.7
1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e
 c

yc
le

 c
o
s
t,
 1

0
k
 $

Number of batteries

Flat_No control TOU_No control

Flat_A TOU_A

Flat_B TOU_B

Flat_No PV TOU_No PV

Flat_PV no battery TOU_PV no battery

WRONG ONE

3.9

2.8
1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e
 c

yc
le

 c
o
s
t,
 1

0
k
 $

Number of batteries

Flat_S3 TOU_S3

Flat_S4A TOU_S4A

Flat_S4B TOU_S4B

Flat_S1 TOU_S1

Flat_S2 TOU_S2

3.9

2.8

1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e

 c
yc

le
 c

o
s
t,

 1
0
k
 $

Number of batteries

3.9

1.7
1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e

 c
yc

le
 c

o
s
t,

 1
0
k
 $

Number of batteries

Flat_No control TOU_No control

Flat_A TOU_A

Flat_B TOU_B

Flat_No PV TOU_No PV

Flat_PV no battery TOU_PV no battery

3.9

1.71.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e

 c
yc

le
 c

o
s
t,

 1
0
k
 $

Number of batteries

3.9

1.7
1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e

 c
yc

le
 c

o
s
t,

 1
0
k
 $

Number of batteries

Flat_No control TOU_No control

Flat_A TOU_A

Flat_B TOU_B

Flat_No PV TOU_No PV

Flat_PV no battery TOU_PV no battery

WRONG ONE

3.9

2.8
1.8

1.2

-8

-6

-4

-2

0

2

4

6

8

5 10 20 40 80 160

L
if
e

 c
yc

le
 c

o
s
t,

 1
0
k
 $

Number of batteries

Flat_S3 TOU_S3

Flat_S4A TOU_S4A

Flat_S4B TOU_S4B

Flat_S1 TOU_S1

Flat_S2 TOU_S2



depletion, and fossil fuel depletion effects of the typical 50-panel PV system (no battery) in this study are 371 

61.9 g CO2 eq., 2.54 L, and 0.0165 kg Oil eq. (0.69 MJ based on 1 kg Oil eq. = 41.9 MJ (UJ, 2016)) per 372 

kWh of solar energy generated, respectively, all of which are within the previously reported range of 50-373 

800 g CO2 eq./kWh, 0.73-7.2 L/kWh, 0.22-1.04 MJ/kWh for roof-mounted solar PV electricity generation, 374 

respectively (Fthenakis and Kim, 2010; Kim et al., 2014; Stamford and Azapagic, 2018; Stolz, 2017; 375 

Stoppato, 2008). Scenario S4B generally performs the best environmentally regardless of battery sizes, 376 

while Scenario S1 performs the worst. Scenario S4A presents the second highest life cycle climate change 377 

and fossil fuel depletion effects following Scenario S1, although it provides a relatively large on-peak load 378 

reduction. This is because Scenario S4A shifted load reductions from mid-peak to on-peak period, while 379 

the on-peak period has lower carbon and fossil fuel intensities compared to mid-peak hours, due to a higher 380 

contribution from hydropower. This indicates the importance of the daily grid mix patterns in determining 381 

the environmental performance of battery control strategies that maximize on-peak load reductions. 382 

Scenario S4A also presents an optimal battery sizing at 50, which aligns with the default battery size 383 

calculated based on maximum daily electricity use. This indicates the engineering rule-of-thumb used in 384 

this study is effective in achieving the minimized household climate change, water depletion, and fossil 385 

fuel depletion effects. On the other hand, the installation of solar PV-battery systems (Scenarios 3 and S4A) 386 

does not present a significant benefit in terms of water depletion as compared to the climate change and 387 

fossil fuel depletion impacts, expect for Scenario S4B at relatively larger battery sizes. This is because of 388 

the high initial water demand associated with PV and battery productions.  389 

 390 

Overall, our results show that while installing a solar PV system clearly provides environmental benefits, 391 

adding a battery storage does not necessary provide additional carbon, water, or energy benefits. The solar 392 

PV-battery system also does not provide essential water benefits except when a large battery capacity is 393 

installed and the battery system is allowed to charge from and resell to the grid in Scenario S4B. When 394 

peak load reduction, economic, and environmental impacts are considered together, Scenario S2 presents 395 

relatively good economic and environmental performances, although its on-peak load reduction is limited. 396 



Scenario S4B presents excellent peak load reduction, economic, and water benefits, but its carbon and 397 

energy benefits are relatively limited as compared to Scenario S2. However, this result may differ for 398 

regions with a more fossil fuel dependent grid. Scenario S4A has relatively good on-peak load reduction 399 

and economic performances, but it does not provide effective carbon emission and fossil fuel use reductions 400 

as compared to Scenario S2. Installing a solar PV system without an effective control strategy, such as in 401 

Scenario S3 might lead to sub-optimized peak load reduction, economic, and environmental outcomes. 402 

 403 



 404 

Figure 7. Life cycle (a) climate change, (b) water depletion, (c) fossil fuel depletion of the solar PV-405 

battery systems under different management (Scenarios S1-S4B) and battery sizing scenarios 406 

 407 

3.4 Sensitivity analysis 408 
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Figure 8 presents the percent changes of LCC of a typical 50-panel 50-battery solar PV-battery system in 409 

response to changes of the discount rate, TOU rates during off, mid, and on-peak periods, and the duration 410 

of the on-peak period. The LCC outcomes of Scenario S4B are highly sensitive to changes in on- and off-411 

peak electricity rates as well as the discount rate. This can be explained by the scenario’s high dependence 412 

on the difference between the electricity rates between on- and off-peak hours. Scenario S4B is also highly 413 

sensitive to changes in the discount rate. In contrast, Scenario S4A is only sensitive to the on-peak rate. 414 

This is because the economic saving in this scenario largely relies on the on-peak grid sell. All the remaining 415 

scenarios are not sensitive to ±50% change of the five input variables. Particularly, Scenario S3 presents 416 

the lowest sensitivity. This is because of the limited solar energy use during the mid- and on-peak hours 417 

under this scenario. 418 

 419 

 420 

Figure 8. The percent change of LCC of the 50-panel 50-battery solar PV-battery system in response to 421 

decrease or increase of the selected variables by 50%. Shaded numbers indicate where the absolute values 422 

of the sensitivity index 𝐷 are equal to or larger than 1. One asterisk and two asterisks represent the 423 

sensitivity index values that are associated with 50% decrease and increase of the tested variables, 424 

respectively. 425 
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Figure 9 presents the percent changes of life cycle climate change, water depletion, and fossil fuel depletion 427 

of the typical 50-panel 50-battery solar PV-battery system in response to changes in the on-peak grid fuel 428 

mix and the on-peak duration. Our results show all three environmental outcomes of Scenario S4B are 429 

highly sensitive to changes in the on-peak grid mix, as the battery system maximizes on-peak uses/sale of 430 

solar energy and shifts on-peak demand to the off-peak period. This highlights the importance of on-peak 431 

grid mix in influencing the environmental outcomes of battery management strategies that target solar 432 

energy sales during the on-peak hours. On the other hand, the on-peak duration can significantly influence 433 

the life cycle fossil fuel depletion of Scenarios S4B, as a result of changes in the amount of solar energy 434 

that will be available for sale or direct use during the on-peak hours. Scenario S3 was found to be the least 435 

sensitive to either tested variables, mainly due to a combined effect of its high baseline environmental 436 

impacts as well as the limited solar energy use or sale during the on-peak hours.  437 

 438 



 439 

Figure 9. Life cycle (a) climate change, (b) water depletion, and (c) fossil fuel depletion of the PV-battery 440 

systems in response to decrease or increase of the selected variables by 50%. Shaded numbers indicate 441 

where the absolute values of the sensitivity index 𝐷 are equal to or larger than 1. One asterisk and two 442 

asterisks represent the sensitivity index values that are associated with 50% decrease and increase of the 443 

tested variables, respectively. 444 

 445 

4. Conclusion 446 

SDM, LCCA, and LCA were integrated to investigate the design and operation of solar PV-battery systems 447 

that can achieve grid, environmental, and economic co-benefits under TOU rate design, using a 5-unit 448 
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prototype house in the Boston-Logan, MA area as a case study. Five scenarios (S1-S4B) were investigated, 449 

each with different solar PV-battery system design and/or management strategy. We found scenarios that 450 

maximize the selling/use of solar energy during the on-peak hours through battery installation and control 451 

(Scenarios S4A and S4B) can achieve the highest on-peak load reductions and economic benefits under the 452 

TOU rate design. However, they do not necessary provide the highest environmental benefits, as on-peak 453 

hours in the New England grid have lower carbon emission and fossil fuel depletion factors as compared 454 

with the mid-peak hours. This indicates a potential tradeoff between the need of on-peak load reduction, 455 

economic saving, and environmental protection. From an environmental perspective, our finding 456 

demonstrates the necessity of better battery control or TOU designs that can effectively incentivize solar 457 

energy uses when the grid carbon intensity is the highest. While S4A is shown to be effective in reducing 458 

on-peak load in the grid, its overall load reduction from both mid- and on-peak hours is slightly less than 459 

Scenario S2 where PV panels are installed without battery. This is partly due to the energy loss resulted 460 

from battery charging and discharging. Overall, Scenario S4B presents relatively good performances from 461 

peak load reduction, economic, and environmental perspectives. However, its benefits might be limited by 462 

policies that cap grid charge and discharge from the battery systems. Out of the remaining scenarios, 463 

installing a PV system alone (Scenario S2) presents relatively strong economic and environmental 464 

performances, but its on-peak load reduction is limited. Installing a battery system without an effective 465 

control strategy (Scenario S3) results in relatively weak peak-load reduction, economic, and environmental 466 

outcomes. This highlights the importance of effective battery control in the implementation of solar PV-467 

battery systems. Future studies may further include emerging technologies such as the vehicle-to-home 468 

systems as well as the interactions between distributed solar PV-battery systems and the centralized grid to 469 

allow for a more holistic and dynamic optimization of the solar PV-battery system design and operation. 470 
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