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ABSTRACT 

In the last decade, Conservation Voltage Reduction (CVR) 

has regained attention as an energy efficiency measure. At 

the same time, many customers in LV networks have 

adopted PV systems. Although CVR has been studied for 

decades, most works were developed when PV were 

uncommon, leaving the interactions between widespread 

PV and CVR largely unexplored. This paper examines, 

from a customer perspective, how higher voltages due to 

residential PV affect demand, and how CVR can bring 

benefits in this scenario. A realistic UK MV-LV network 

with 2,400+ customers is used as a case study, considering 

two CVR schemes that actively keep customer voltages 

low: (i) managing primary substation OLTCs and 

(ii) incorporating OLTCs at secondary substations. 

Results show that, without CVR, higher voltages due to PV 

systems increase the energy consumption of appliances. 

This, in turn, affects mostly customers without PV as they 

solely rely on grid imports. With CVR, on the other hand, 

customers that largely rely on the grid (without or with 

small PV) reduce energy imports the most, making the 

presence of PV combined with CVR beneficial to everyone. 

INTRODUCTION 

In the last decade, several countries around the world have 
adopted incentives (typically feed in tariffs or net metering 
schemes and subsidies) to accelerate the integration of 
renewable generation and, therefore, reduce carbon 
emissions [1]. This has resulted in an increasing 
penetration of distributed generation (DG), with 
photovoltaic (PV) systems being the most common at 
lower voltage levels [2]. Furthermore, Conservation 
Voltage Reduction (CVR), a well-known technique that 
reduces energy consumption by regulating voltages, has 
regained attention as an energy efficiency measure [3, 4].  
 
Although CVR has been studied for decades, most works 
were developed when DG was uncommon and, therefore, 
the interactions between widespread DG and CVR remain 
largely unexplored [5]. Only a few works have contributed 
to this topic [6-9]. In [6], a small medium voltage (MV) 
test network is used (IEEE 13-node system) to show that 
CVR can reduce network energy consumption and losses 
with widespread PV. In [7], the model of a real American 
MV feeder is used to argue that CVR is more effective with 
PV as this reduces the constant power component of the 
aggregated network demand. In these works, customers 
were aggregated at MV nodes considering PV penetrations 
of up to 30 or 50% (number of customers with PV). 
Although this approach can provide insights on the effect 

of PV on CVR at a MV network level (purpose of these 
works), it does not allow to assess the effect on customers 
at low voltage (LV) levels. The latter is relevant to policy 
makers considering CVR as an energy efficient measure 
that directly benefits customers (lower energy bills). 
 
Other studies have also found that adequately located and 
sized (or controlled) DG installations can boost voltages at 
critical points, thus allowing further voltage reductions at 
primary substations [8, 9]. These studies, however, do not 
explore the effects of widespread non-dispatchable DG 
installations (such as residential PV systems) on CVR and, 
again, do not focus on the effect on customers. 
 
This paper examines, from a customer perspective, how 

higher voltages due to residential PV systems affect 

individual customers’ demand (for those with and without 

PV), and how CVR can bring benefits in this scenario. The 

influence of factors such as the presence and capacity of 

the PV system, as well as customer location, are also 

explored. A realistic UK MV-LV network with 2,400+ 

customers is used as a case study. The effect of voltages in 

demand is assessed considering high resolution, realistic 

customer load profiles with time-varying voltage-

dependent models. Two optimal power flow (OPF)-based 

CVR schemes that actively manage voltages to minimise 

network imports are compared: (i) controlling primary 

substation OLTCs and (ii) incorporating OLTCs at 

secondary substations. The former allows exploring the 

energy import reductions that can be achieved with 

typically available OLTCs, while the second aims to 

investigate the benefits that can be unlocked by managing 

voltages closer to customers. 

REALISTIC UK MV-LV NETWORK 

A realistic residential MV-LV network from the North 

West of England is used. For clarity, only the most 

populated MV feeder (6.6 kV) is fully modelled while 

others are represented with a lumped load and PV 

generation at the MV busbar as shown in Fig. 1. The fully-

modelled MV feeder supplies 2,430 single-phase 

residential customers through nine delta-wye secondary 

substations and 36 underground three-phase four-wire 

0.4 kV LV feeders (transformer capacities and number of 

feeders per LV network are also shown in Fig. 1). The 

main characteristics of the LV networks are summarized 

in Table I. For illustration, the topologies of the LV feeders 

with the minimum and maximum number of customers are 

shown in Fig. 2 (a) and (b), respectively; where the 

secondary transformer and customers per phase are shown. 
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The network is supplied through a pair of 33 to 6.6 kV 

parallel primary transformers of 11.5 MVA each. These 

are equipped with OLTCs that operate following the same 

setting, providing a +17.16/-5.72% regulation range with 

respect to the nominal position in 17 steps of 1.43% each. 

For simplicity, the high-voltage side is considered 

balanced and fixed at 1 pu. 

 

Secondary transformers have a voltage ratio of 6.6 to 

0.433 kV (8.7% boost compared to the nominal 230 V 

phase to neutral). These transformers are considered to be 

equipped with no-load tap changers (NLTC) with ±5% 

range (5 taps, 2.5% steps), as UK practice. 

LOAD AND PV MODELLING 

This section describes how the demand and PV generation 

of individual LV customers, and the ones lumped at the 

MV busbar, have been modelled. This not only considers 

high resolution profiles (one-minute) but also their 

corresponding time-varying load models, which are 

critical to adequately characterize their load to voltage 

relationship through time. 

Load Profiles and Models 

Realistic one-minute resolution domestic household 

profiles are created using a tool developed in [10]. This 

tool uses UK statistics to determine the status of domestic 

appliances in a day considering aspects such as day type 

and occupancy of the house. Active and reactive profiles, 

as well as time-varying ZIP models, are then obtained per 

household by aggregating individual appliances at each 

minute, as done in [11]. In this network, no major constant 

energy appliances are involved as all households are 

assumed to have access to gas. 

 

 

To explore the interactions between widespread PV and 

CVR, a summer weekday is considered. The occupancy of 

each house is randomly allocated considering recent UK 

statistics [12] and the resulting household profiles with 

models, as the one in Fig. 3 (a), are assigned accordingly. 

The corresponding diversified load profile and model 

(obtained from the set of individual profiles created) is 

illustrated in Fig. 3 (b). The latter are used to represent the 

lumped MV load, where the load profile is scaled up to 

meet the primary substation peak demand. 

PV Modelling 

PV generation is simulated with unity power factor and 

proportional to solar irradiance (full capacity, specified in 

kWp, at 1,000 W/m2). In this study, 50% of the LV 

customers are randomly selected to have PV systems with 

rated capacities aligned with UK statistics [13]. For 

consistency, the lumped PV generation for the other MV 

feeders is sized with the same criteria. 

 

A real one-minute resolution solar irradiance for a clear 

sky summer day from Manchester, UK [14], shown in 

Fig. 3 (c), is used. This enables to assess the effect of 

maximum PV generation. For simplicity, and given the 

relatively small geographical distance (less than 5 km), it 

is assumed that all customers get the same solar irradiance.  

 

Concerning the relation between PV power and voltage, 

PV systems are connected through inverters that maximise 

the generated power for a given solar irradiance regardless 

the AC voltage. Therefore, these can be modelled as 

constant power devices [15]. 

IMPACT OF PV ON CUSTOMER DEMAND 

To analyse the effect of PV on customer’s demand without 

CVR, two scenarios are compared: a case with PV systems 

(for 50% of customers) and a case with none. For 

consistency, the same allocation of load profiles and 

models is used, as well as tap changer settings. Primary 

substations regulate the MV busbar to 0.98 pu while 

NLTCs in secondary substations are fixed at their 

minimum position (5% voltage reduction). This is to avoid 

voltages above the statutory limit (1.1 pu for customers 

[16]) at maximum PV generation. An OLTC bandwidth of 

±1.5% and a 120 s delay are adopted as per UK practices. 

 

The widespread presence of PV systems leads to higher 

voltages across all feeders compared with the case without. 

This is shown in Fig. 4 for a snapshot at midday (peak PV 

 

 

 
Fig. 1.  Realistic UK MV-LV network. 
 

 
Fig. 2.  Topology of two LV feeders (values in meters). 
 

TABLE I.  MAIN LV NETWORKS’ CHARACTERISTICS 

Feature Min Average Max 

Customers per LV feeder/network 21/70 58/270 100/553 
Feeders per LV network 2 4 7 

Feeder main path length (m) 271 400 640 

Transformer rating (kVA) 315 608 1000 

 

 

  
 

Fig. 3.  (a) Individual household power profile and exponential model; 

(b) diversified power and model; and (c) real clear sky irradiance profile. 
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generation time), where customer voltages are plotted 

against their ‘conductor distance’ to the primary 

substation, and colours represent different LV feeders. In 

this figure, the effect of PV on customer voltages as well 

as on MV bus voltages can be clearly seen, highlighting 

the importance of performing integrated MV-LV studies. 

Reverse power flows from LV-connected PV systems 

cause voltage rise in both LV and MV feeders. In this case, 

the further away from the primary substation, the larger the 

voltage increase at the MV side of secondary transformers. 

As shown in Fig. 4, these range from 1.7 to 2.8%. Note 

that this effect is not captured in LV-only analyses, where 

fixed voltages are normally considered at the MV side. 

 

Fig. 4 also illustrates that customers at the end of long LV 

feeders, that typically have the lowest voltages, are likely 

to be the most affected by reverse power flows due to PV 

systems as they will experience the largest voltage 

increase. Indeed, customers at the end of long LV feeders 

located in the last third of the MV feeder can reach up to 

11% voltage increase in this case. 

 

From an energy perspective, higher voltages mean that 

appliances within households will consume more during 

daylight (excluding constant power/energy devices). This 

has a more evident effect on customers without PV 

systems as they will fully rely on network imports. Indeed, 

it was found that, in average, customers without PV 

increased their daily energy consumption (imports) by 

1.8% (0.15 kWh), with 95% of them increasing between 

0.1 and 4.7% (and with some reaching up to 9%), when 

compared to the same day without any PV installation, as 

shown in Fig. 5 (a). For clarity, the mean (red circle) and 

outliers (red ‘+’) are shown in boxplots so the dispersion 

of the results can also be observed. 

This increase in energy consumption from appliances due 

to higher voltages also affects customers with PV systems 

but this is largely offset by their local generation. In other 

words, they are largely unaffected. Moreover, as expected, 

the larger the PV system, the larger the reduction on energy 

imports for the customer. This is shown in Fig. 5 (b). 

Nonetheless, this reduction never reaches 100% as PV 

generation is limited to daylight hours. Note that when a 

customer has a surplus of power (covering its own demand 

and also injecting to the network), its imported energy is 

zero, i.e., exports are not reflected in Fig. 5 (b). 

 

It is clear that PV systems bring important energy import 

reductions to their owners (in this study, with averages 

between 38 and 53%, depending on the PV capacity, as 

shown in Fig. 5 (b)). However, customers without PV 

increase energy imports (Fig. 5 (a)), being those at the end 

of long LV feeders and further away from the primary 

substation, the most affected (larger voltage increase, see 

Fig. 4). To demonstrate this, the increase in energy 

consumption (imports) for customers without PV is plotted 

against their conductor distance to the primary substation 

in Fig. 6. It is shown that the customers marked as outliers 

in Fig. 5 (a), i.e., with an increase of more than 4.7% and 

up to 9%, are located in the second half of their feeders, 

with the highest values occurring in the furthest LV 

networks (MV effect).  

IMPACT OF PV IN CVR BENEFITS 

Although it was shown that higher voltages due to PV 

systems result in higher imports for customers without PV, 

this also implies more voltage footroom for CVR 

purposes. In this section, the results of two optimisation-

based CVR schemes are compared: ‘Scheme 1’ controls 

primary substation OLTCs and ‘Scheme 2’ incorporates 

OLTCs at secondary substations. The latter have 9 steps of 

2% (±8%) as commercially available [17] and are fit so 

that tap 8 delivers 0.433 kV for a nominal primary voltage, 

i.e., regulating the LV side between 0.953 and 1.109 pu. 

 

 

 

 

 
Fig. 4.  Voltages across the MV-LV network: (a) without PV; (b) with 
PV; and (c) customer voltage increase. 

 

 

 
Fig. 5.  Customer energy imports change (in %): (a) increase for 

customers without PV; and (b) reduction for customers with PV. 

 
Fig. 6.  Energy imports increase v/s location for customers without PV. 
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The schemes are centralised, use a three-phase optimal 

power flow (OPF) which, among other features, 

incorporates single-phase load models and delta-wye 

transformers, and take advantage of advanced metering 

and communication infrastructures to decide when to 

trigger the OPF and to use up-to-date information. The 

details of the formulation are not included due to space 

limitations (can be found in [18]), however, an operation 

overview is presented next: Customer voltages are 

frequently monitored (every minute) and the minimum is 

found. Then, the OPF is triggered (using up-to-date 

information) if this customer has voltages that remain 

outside a predefined bandwidth for longer than a given 

‘persistency period’ (previous values are checked). Given 

that the load mix in residential networks reduce 

consumption with voltages, network power imports are 

minimised when customer voltages are as low as possible. 

Thus, for this study, the adopted bandwidth limits are 0.94 

and 0.98 pu (lower band of the statutory limits [16]) with 

a ‘persistency period’ of 10 min. In this way, the schemes 

deliver CVR by triggering the OPF only when customer 

voltages are below the minimum statutory limit or when 

an opportunity exists to further reduce voltages (imports). 

 

The case with PV previously presented is considered as the 

business as usual (BAU) case for CVR comparison 

purposes. To improve coordination for the schemes, tap 

positions are directly assigned from the OPF. 

 

The ability of the two schemes to exploit the available 

voltage footroom (BAU case), and reduce demand, is 

shown in Fig. 7. Here, the bottleneck voltage, that triggers 

the CVR optimisation, is shown for the two schemes. For 

the BAU case, the minimum customer voltage throughout 

time is included as reference. It can be seen that, as 

expected, the two schemes are able to exploit the voltage 

footroom to different extents. During daytime, the OLTCs 

on scheme 1 (primary substation only) gets to the lower 

position (larger voltage reduction). This means a voltage 

reduction of 4.29% (3 taps) at that time, leaving about 4% 

of voltage footroom unexploited. This CVR potential is 

unlocked with scheme 2, effectively keeping the 

bottleneck voltage close to the minimum limit. This extra 

flexibility makes scheme 2 to reach, in average, 53% more 

energy import reduction for customers. 

 

The rest of this section focuses on exploring how customer 

import reductions (from CVR) vary with the existence and 

capacity of the customer PV system. Note that CVR 

benefits are not affected by location because voltages are 

controlled at a network level (either from primary or 

secondary substation OLTCs), making all customers in the 

controlled network to experience similar voltage changes. 

 

Fig. 8 confirms that energy import reductions (averages 

with dots and trends with solid lines) are much larger when 

incorporating OLTCs at secondary substations (between 

50 and 62% depending on the PV capacity). For clarity, 

outliers have not been included. Fig. 8 (a) shows that, when 

import reductions are seen as percentages, customers with 

PV systems up to 3 kWp benefit the most. The less 

benefited, in percentage, are customers without PV 

systems or with PV systems larger than 3 kWp. Customers 

with small PV systems benefit as their load during daylight 

hours is only partially fed by the PV. After CVR, the load 

is reduced but the PV generation is not altered (constant 

power devices), thus, the same PV generation feeds a 

larger percentage of the remaining load, increasing the 

percentage import reductions. Conversely, customers with 

large PV systems have their load fully covered at many 

instances throughout daylight hours (zero imports). 

Therefore, in those instances, CVR cannot reduce imports 

further, limiting their total daily reductions. 

 

More interestingly, when the analysis is performed in 

terms of actual kWh saved, a different pattern is found, as 

shown in Fig. 8 (b). Here, it is clear that customers without 

PV do benefit and, indeed, get the largest kWh import 

reductions. This represents an average of 0.2 and 

0.32 kWh, for schemes 1 and 2, respectively. Thus, these 

CVR schemes effectively counteract the energy imports 

increase resulting from the presence of other PV systems 

in the network (0.15 kWh in average). As for the customers 

with PV, taking scheme 2 as an example, import reductions 

represent, in average, 0.25 kWh for mid-capacity PV 

owners (up to 3 kWp), and with larger PV owners 

perceiving the least benefits (around 0.17 kWh). This trend 

is due to periods when the customer load is totally fed by 

the PV system (zero imports). In general, the larger the PV 

system, the more periods without imports, and thus, the 

less opportunities for import reductions. 

 

 

 
 

Fig. 7.  Bottleneck voltage for each scheme 

 

 

 

 
Fig. 8.  Customer import reduction per PV capacity: (a) in %; (b) in kWh. 
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CONCLUSIONS 

This paper examines, from a customer perspective, how 

higher voltages due to residential PV affect demand, and 

how CVR can bring benefits in this scenario. A realistic 

UK MV-LV network with 2,400+ customers is used as a 

case study, considering two CVR schemes that actively 

manage voltages to minimise network imports: 

(i) controlling primary substation OLTCs, and 

(ii) incorporating OLTCs at secondary substations. 

 

Results show that, without CVR, the widespread adoption 

of PV systems increase voltages across all feeders and for 

all customers. Although PV systems bring important 

energy import reductions to their owners, the resulting 

higher voltages increase the energy consumption of many 

appliances. This, in turn, affects mostly customers without 

PV as they solely rely on grid imports. Moreover, those at 

the end of long LV feeders and further away from the 

primary substation are the most affected as they experience 

the largest voltage increase. The importance of integrated 

MV-LV studies was also demonstrated by showing how 

MV bus voltages (typically considered fixed in LV-only 

studies) are affected by LV-connected PV systems. In this 

study, the voltage increase at the MV side of secondary 

transformers ranged from 1.7 to 2.8%, affecting more LV 

networks further away from the primary substation.  

 

Although higher voltages negatively affect demand, they 

also mean more voltage footroom for CVR. Indeed, results 

show that with CVR, all customers are benefited but 

particularly those without or with small PV systems as 

they largely rely on network imports. Furthermore, the 

incorporation of secondary substation OLTCs in the CVR 

scheme was shown to increase these benefits by around 

50%. In general, CVR was found to help counteracting the 

energy imports increase seen by customers without PV and 

allowing owners of small PV systems to feed a larger 

percentage of their demand. Consequently, the use of CVR 

schemes in the presence of PV systems can bring benefits 

to all customers (with and without PV). 
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