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ABSTRACT 

Residential battery energy storage systems (BESS) will 

alter power flows in distribution systems, which in turn 

will impact DSO revenue streams. This paper simulates 

operation of residential BESS when exposed to varying 

volumetric (€/kWh) and capacity (€/kW) tariffs. The BESS 

is optimized for maximizing private profit when trading in 

the day-ahead market (DAM), assuming a perfect forecast. 

Aggregate behavior of a population of 300 prosumers with 

BESS is compared for the alternative tariff scenarios. 24-

hour load profiles suitable for planning are derived for 

each tariff scenario.  

 

The simulations show that optimal BESS operation with 

volumetric tariffs will lead the range of load, the difference 

between peak consumption to peak production, to almost 

double relative to the base case without BESS, as BESS 

take advantage of fluctuations in DAM prices. Capacity 

tariffs can reduce the range of load by almost half relative 

to the base case, but at the expense of an increased cost of 

energy in the DAM. Analysis shows that capacity tariffs 

are most effective at utilizing network capacity, with BESS 

customers typically earning 2.30 € per month in the DAM 

for each kW of network capacity they utilize, while 

volumetric tariffs lead BESS customers to earn only 1.25 € 

per customer per month.  

INTRODUCTION 

Residential battery energy storage systems (BESS), alone 

or in combination with small-scale PV and Wind 

production, are a new and flexible type of customer in low-

voltage networks, but presently it is uncertain how their 

flexibility will be used in operations [1]. Prosumers 

generally have strong economic incentives to maximize 

the use of the energy they produce, so-called self-

consumption. BESS charging and discharging is often 

controlled using very simple “greedy” heuristics which 

succeed in maximizing self-consumption [2] but are sub-

optimal when considered in a broader social-economic 

context. Electricity prices determined in day-ahead 

markets (DAM), and DSO costs can influence the optimal 

schedule for BESS usage.  

 

DSOs can affect the operation of BESS with tariffs that 

accurately reflect the costs that prosumers impose on the 

network. Ideally, cost-reflective tariffs would prevent 

BESS from increasing the cost of operating distribution 

systems. Alternatively, if BESS operation did increase 

network operating costs, for example by creating new 

peaks in consumption during low-price hours, a fair share 

of the profit generated by BESS operation would be paid 

as network tariffs, thereby giving the DSO financial 

resources to reinforce the network. 

 

Traditionally, network planners assumed that a customer’s 

maximum load is unlikely to occur simultaneously with 

other customers’ maximum loads, and this tendency is 

quantified by finding the diversity factor. New network 

users such as renewable energy sources (RES) and BESS 

have a low diversity factor because RES in a given area are 

synchronized to the ambient weather, and BESS will 

synchronize their operations to take advantage of varying 

market prices. The combination of RES+BESS in a 

residence risks lowering the volume of transported energy, 

while simultaneously increasing the range of load on the 

grid, with higher peaks in both consumption and 

production. This development challenges DSOs because it 

undermines their traditional revenue stream, energy-based 

volumetric kWh tariffs, while increasing the cost of 

providing adequate capacity. 

 

This paper investigates power-based capacity tariffs that 

give incentives to BESS to limit their range of load on the 

grid. This is done using a simulation environment for 

finding the optimal operation of residential BESS, which 

reveals the effect of alternative tariffs on the network load 

and BESS profitability. The contributions of this paper 

are to use smart meter data from 300 existing residential 

prosumers to 1) create tariff-dependent load profiles for 

RES+BESS customers suitable for network planning and 

2) quantify the tradeoff between DAM cost and network 

capacity utilization for RES+BESS customers under 

different tariff regimes. 

 

The remainder of the paper is structured as follows. First, 

considerations for tariff design are presented, including 

definitions of the simulated scenarios. There follows a 

description of the simulation environment and the method 

used to optimize BESS. Then, results of the simulations 

are presented, and finally, there are concluding remarks. 

TARIF DESIGN CONSIDERATIONS 

As regulated monopolies, DSO typically have a ceiling 

over their total revenues, and they have discretion about 

how to collect this revenue. DSOs can collect revenue by 

charging initial connection fees, fixed annual subscription 

fees, and tariffs based on a customer’s network usage. This 
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paper focusses on how to design usage-tariffs. Volumetric 

kWh tariffs have traditionally been dominant because this 

kind of tariff is considered easy for customers to 

understand, electromechanical energy meters were widely 

available, and energy consumption was correlated with 

maximum network usage. Since the distribution network 

was designed to deliver energy from centrally located 

power plants, energy production in the distribution 

network lowered system load, and therefore was charged 

no tariff. Today, as distributed RES have become more 

widespread, some distribution networks are also highly 

loaded by production. Also, BESS weaken the correlation 

between a customer’s energy consumption and maximum 

power usage. Therefore, volumetric tariffs on consumption 

no longer accurately reflect the costs prosumers impose on 

a DSO for providing capacity [3].  

 

When volumetric tariffs are set at a level high enough to 

recover capital costs, they unnecessarily discourage 

electrification of energy services with a low peak-to-

average power ratio, such as heating.  Moreover, high 

volumetric tariffs discourage arbitrage by the BESS, 

reducing the potential liquidity of energy markets. The 

only marginal cost to the DSO for delivering an extra kWh 

of energy at off-peak hours are ohmic losses; the largest 

costs for a DSO are fixed capital costs for building 

capacity to transport peak power. Capacity-based kW 

tariffs, enabled by smart meters, can allocate the cost of 

capacity directly to a customer’s usage pattern.  

 

Flexible BESS customers are expected to be particularly 

sensitive to changes in distribution tariffs, because their 

operation is assumed to automatically minimize the cost of 

operation.  

 

There are several variants of capacity-based tariffs and key 

assumptions used in this study are explained below.  

 

For a customer without RES, capacity-based tariffs can be 

based on the maximum consumption. For a RES+BESS 

customer, who can produce and consume power, both the 

consumption and production impose costs on the network. 

In particular, capacity in many distribution systems is 

limited by the need to keep voltage within the acceptable 

range. The difference between maximum consumption and 

maximum production defines the range of load conditions 

which voltage regulation resources need to cope with. 

Therefore, in this study, capacity-based tariffs will 

consider the range of power a customer uses, which is the 

defined as the difference between the 0.98 fractile and the 

0.02 fractile of load.  

 

Capacity-based tariffs are calculated on a monthly basis. 

For DSOs in northern Europe, the range of power usage 

varies significantly over the year, with net production 

highest in the summer, and consumption highest in the 

winter. A monthly billing interval is chosen so that 

customers have incentive to limit their load range year-

round, giving opportunities for DSOs to reconfigure their 

network topology on a monthly basis to reduce losses [4] 

or perform maintenance.  

SIMULATION ENVIRONMENT 

To investigate the effect of residential RES+BESS 

customers on distribution systems, simulations were 

conducted using real field measurements of prosumers as 

input to a linear programming optimization function that 

simulated the operation of a BESS. In this section, first, the 

optimization model is presented, and then the source of 

parameter values and input data is described. 

 

The economic model of the optimization routine seeks to 

control charging and discharging of the BESS to minimize 

costs. The costs to be minimized are the cost to purchase 

energy in the DAM, the cost of volumetric tariffs, and the 

cost of capacity tariffs, as formulated below: 

 

𝑚𝑖𝑛 ∑[𝑃𝑖
𝐺𝑟𝑖𝑑𝜆𝑖

𝐷𝐴𝑀  +  𝛿𝑖𝑃𝑖
𝐺𝑟𝑖𝑑𝛼  ]

24

𝑖=1

+ [max(𝑃𝑖
𝐺𝑟𝑖𝑑) − min(𝑃𝑖

𝐺𝑟𝑖𝑑)] ×  𝛽 

S.t. 

𝑃𝑖
𝐺𝑟𝑖𝑑 =  𝑃𝑖

𝐿𝑜𝑎𝑑 + 𝑃𝑖
𝐵𝐸𝑆𝑆 

𝛿𝑖 = {
1 , 𝑖𝑓 𝑃𝑖

𝐺𝑟𝑖𝑑 ≥ 0

0 , 𝑖𝑓 𝑃𝑖
𝐺𝑟𝑖𝑑 < 0

 

 

Where 𝑃𝑖
𝐿𝑜𝑎𝑑  is the net load (including RES production) of 

the customer in hour i, 𝑃𝑖
𝐵𝐸𝑆𝑆is the power for charging the 

BESS (negative values indicate discharging), 𝜆𝑖
𝐷𝐴𝑀is the 

price of energy in the DAM, and α and β are the volumetric 

kWh and capacity-based kW tariffs respectively. δ is a 

binary variable that ensures that volumetric tariffs only 

apply to energy consumption. Constraints (not shown 

here) are added to ensure the energy balance, power limits, 

and initialization of the BESS. The optimization problem 

is solved using Matlab, with the external open source 

libraries Yalmip and GLPK.  

 

Taxes, which have a large impact on private economic 

incentives, are excluded from this analysis because of the 

large variation found internationally, and the uncertainty 

of their level in the future. In the model, self-

consumption is encouraged because the volumetric tariff 

is avoided, similarly, the volumetric tariff discourages 

energy arbitrage because the tariff is paid on energy that 

is subsequently sold back in the DAM. 

 

The optimization is performed every 12-hours, over a 24-

hour time horizon, and assumes perfect forecasts for load 

and DAM prices. Informal investigation found no 

significant benefit to longer optimization horizons, nor 

more frequent optimizations. Note that there is a mismatch 

between the optimization horizon (24-h) and billing 

interval (monthly), and there is also imperfect alignment 
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between the optimization objective (reducing the single 

hour with maximum production and consumption) and 

range of load calculation (based on the difference between 

the 0.98 and 0.02 fractiles). Nevertheless, we assume that 

these two mismatches counteract each other, and that the 

optimization method approximates the BESS operation 

that would give lowest costs. Also, it should be noted that 

the optimization method gives no guarantees for finding 

globally optimal schedules, and occasionally did not fulfill 

stopping conditions before timing out. 

 

The input data for hourly prices in the DAM was prices 

from the Nordpool Spot market from 2015 [5]; cursory 

investigation using prices from 2016 and 2017 showed the 

results were not sensitive to the price profiles of different 

years.  

 

Load profiles for residential customers with hourly 

resolution were supplied by a Danish DSO. From these, 

300 customers with RES were selected, and 3 of these 

profiles with atypically large (> 20 kWh/h) production or 

consumption were discarded. By inspecting the load 

profiles, it was seen that most RES prosumers had PV, 

some had small-scale wind turbines, a few had both PV 

and wind. The data only measured net load, so it was not 

possible to disaggregate load into PV, wind and 

consumption components. The households typically 

dimensioned their RES to produce as much energy as a 

household uses on an annual basis, to take advantage of 

annual net-metering. Net-metering is no longer offered to 

new customers, which will motivate them to acquire BESS 

to increase their self-consumption.  

 

For simplicity, all BESS are assumed to have that same the 

storage capacity, 6 kWh. The BESS is limited to charging 

or discharging with a maximum of 4.2 kW and has 80 % 

round-trip energy efficiency. This efficiency is lower than 

values typically found in BESS specifications, but in this 

case accounts for some of the cost of depreciation of the 

battery. 

 

Because of simulation time constraints, instead of 

simulating an entire year, 3 periods of 30 days were 

simulated starting on Jan 1st, March 11th, and June 1st. 

 

The simulations were run for a total of 8 different tariffs 

scenarios, listed in Table 1. 

 

Table 1 Tariffs in different simulation scenarios 

 

The 0.05 € / kWh tariff in the Base case and High kWh 

scenario corresponds to the tariff regime in use today at a 

representative Danish DSO. Scenarios with non-zero kW 

tariffs include a kWh tariff of 0.01 € to account the cost of 

ohmic losses. Note that the varying tariff levels are not 

revenue-neutral, therefore, a lower usage-tariff would 

imply higher fixed tariffs, and vice versa. 

SIMULATION RESULTS 

RES+BESS Load Profiles for Planning  

There is significant variation in load depending on the 

time of day, and the time of year. Load also depends on 

the DAM, which is to a limited extent correlated with the 

time of day. For the High kWh and Very High kW tariff 

scenarios and the Base case, the range that includes the 

expected customer load 96 % of the time is shown in 

Figure 1 and Figure 2 for each hour of the day in January 

and June respectively. The 2 % of hours with highest 

loads and 2 % with lowest loads are considered outliers 

that should not affect planning decisions. 

 

The results show that customers with BESS have the 

widest range of load in the High kWh tariff scenario, with 

higher levels of production and consumption than the 

base case without BESS. However, consumption peaks 

occur and night, and production peaks occur in the 

afternoon, the inverse of traditional customers. With the 

Very High kW tariff, the load profile is generally flattened 

compared to the base case, with a small increase in 

production on winter afternoons, presently the time with 

highest load, and therefore generally high prices.  

Scenario 

name 

BESS  α = € per 

kWh  

β = € per 

kW 

Base case No 0.05 0 

No tariff Yes 0 0 

Low kWh Yes 0.01 0 

Medium kWh Yes 0.03 0 

High kWh Yes 0.05 0 

Low kW Yes 0.01 0.026 

Medium kW Yes 0.01 0.13 

High kW Yes 0.01 0.26 

Very high kW Yes 0.01 0.67 
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Figure 1 Load profile for prosumer with RES in January. 

 
Figure 2 Load profile for prosumer with RES in June. 

Aggregate Load Duration Curves 

This analysis shows the extremes of the load that can be 

expected under different tariff scenarios for the entire 

population of RES+BESS customers. 

 

Load duration curves sort power usage from greatest to 

least, disregarding temporal sequence of load. Aggregating 

together all customers for all hours during the 3 simulated 

seasons shows that at present, for prosumers with RES, 

their load varies from 1.2 kW consumption per customer 

to 2.1 kW production, as shown in Figure 3. If these 

customers acquire BESS which is optimized using the 

present-day High kWh tariff regime, the maximum 

consumption will increase to 3.0 kW per customer, and the 

8 % of the time consumption per customer will be higher 

than the preset maximum of 1.2 kW per customer. 

Maximum production increases too, leading the range of 

load to increase to by 80 % relative to the base case. The 

No tariff scenario (not shown in the figure) had the widest 

range of load of all the scenarios, ranging between 4.6 kW 

consumption to 4.5 kW production per customer. The Very 

high kW tariff motivates the BESS to flatten the load 

duration curve, reducing the range of load by 45 % relative 

to the base case, the narrowest range of load of all 

scenarios.  

 
Figure 3 Load duration curve for aggregate load, combined for 

January, March, and June.  

DAM Costs vs. Capacity Utilization  

Customers without BESS buy energy in the DAM to cover 

their consumption and sell energy whenever production 

exceeds their consumption. With BESS and No tariffs, 

BESS is scheduled to charge and discharge, typically at 

maximum power, to perform arbitrage which takes 

advantage of all price fluctuations. This results in savings 

of between 3 – 8 € per month relative to the base case, 

depending on the season and to a lesser extent, depending 

on a customer’s load profile, as shown in Figure 4. 

However, without tariffs, the range of power usage 

increases by up to 8 kW relative to the base case, indicating 

that the BESS is operating at maximum power on every 

small fluctuation in DAM price, even at times when load 

and production are already near their maximum. 

Increasing the volumetric tariff reduces the range of power 

usage, because the BESS is more inclined to use capacity 

to increase self-consumption with stored RES energy, than 

to trade energy in the DAM. But even with the High kWh 

tariff in use today, most customers will increase their range 

of load.  
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Figure 4 Scatter plot of change in power range and change in 

DAM costs relative to the base case for each customer for each 

month with varying kWh tariff. 

 
Figure 5 Scatter plot of change in power range and change in 

DAM costs relative to the base case for each customer for each 

month with varying kW tariff. 

Scenarios with capacity-based tariffs, shown in Figure 5, 

show a significantly lower range of load compared to 

volumetric tariff scenarios. However, except in the Low 

kWh scenario, there is a risk that DAM costs will increase 

to achieve the reduction in tariff payments. This tradeoff 

between the range of load, and the cost of energy in the 

DAM is approximated by a least-squares best fit line, 

showing the typical benefit in the DAM for increasing 

power usage by at given amount. When using volumetric 

tariffs, customers earn approximately 1.25 € per month for 

each kW of power they use. When using capacity-based 

tariffs, the productivity for each kW of power they use 

increases to 2.30 € per month.  

CONCLUSION 

The simulations of RES+BESS customers conducted in 

this study show that optimal operation of BESS is sensitive 

to the network usage tariff. Depending on the tariff regime, 

the aggregate load of a group of RES+BESS customers 

may increase their range of load by 80 % (in the High kWh 

scenario) or reduce it by 40 % (in the Very High kW 

scenario). Independent of the absolute level of network 

usage tariff, capacity-based kW tariffs lead to more 

productive use of distribution network capacity as 

measured by the DAM profits per kW utilized capacity.  

 

Distribution utilities can use these results to predict the 

network load from customers with RES+BESS when 

subjected to different tariffs. This will aid the design of 

tariff regimes that encourage BESS to optimize their 

operations considering distribution network constraints, in 

addition to DAM prices and the value of self-consumption.  
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