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ABSTRACT 
 Electrification across sectors such as transport, 
heating, and industry has accelerated in recent years, 
with battery electric construction machinery emerging as 
a promising alternative in the construction industry. 
However, the high charging demand of such equipment 
can stress the grid through transformer overload and 
voltage deviations, while local renewable generation 
introduces challenges of overproduction and 
intermittency. This paper assesses the grid impact of 
electrifying construction equipment in a new district in a 
Swedish city, considering local solar and wind 
generation, and evaluates renewable-based smart 
charging strategies aimed at maximizing load matching 
and self-consumption. Results show that the integration 
of electric construction machinery and renewables 
increases voltage fluctuations, with renewables causing 
more severe overvoltage than machinery-induced 
undervoltage. Smart charging improves voltage stability 
by reducing the frequency of renewable-induced 
overvoltage events. The findings provide practical 
insights for construction site and system operators, 
showing that electrification of construction machinery, 
when paired with renewable-based smart charging, can 
support grid stability and sustainable operation. 

Keywords: Distribution grid analysis, electric 
construction machinery, construction electrification, 
smart charging, developing urban areas, urban solar and 
wind power 

NONMENCLATURE 

Abbreviations 
ECM Electric Construction Machinery 
HV High Voltage 
LV Low Voltage 
MILP Mixed-Integer Linear Program 
MV Medium Voltage 
PV Photovoltaics 

# This is a paper for the 17th International Conference on Applied Energy (ICAE2025), December 8-12, 2025, Bangkok, Thailand. 

RES Renewable Energy Source 
SOC State of Charge 

1. INTRODUCTION
The shift toward electrification in sectors such as

transport, industry, and construction has accelerated in 
recent years, largely motivated by decarbonization goals. 
Yet, the environmental benefits of this transition depend 
strongly on the energy mix; if electricity is generated 
from fossil fuels, the potential for emission reductions is 
limited [1]. Thus, the deployment of electric technologies, 
including battery-based construction machinery, must 
advance simultaneously with a greater integration of 
renewable resources such as solar photovoltaic (PV) and 
wind power [2]. 

At the same time, widespread electrification and 
variable renewables pose challenges for urban grids. 
Higher demand increases the risk of transformer and 
cable overloading, while intermittent renewable creates 
surplus generation and imbalances [3], leading to voltage 
deviations, instability, and network losses [4]. Without 
proper management, these impacts may require costly 
grid reinforcements, especially in urban networks not 
designed for high peak loads [5]. Recent studies show 
that renewable–EV synergies can improve energy 
matching by exploiting vehicle idle-time flexibility 
through smart charging schemes [6] Recently, the 
electrification of heavy-duty vehicles has attracted 
growing global attention [7]. In contrast, the potential for 
electrifying construction machinery, such as excavators 
and other heavy equipment, has received comparatively 
limited research focus.  

This study contributes to filling this gap by 
examining the effects of battery-powered electric 
construction machinery (ECM) on the distribution grid in 
combination with local renewable generation. Two 
charging approaches are evaluated: opportunistic 
charging, where equipment is charged whenever 
capacity is available, and smart charging, which 
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Fig. 1. Energy system outline of electrification of the con-
struction of a new district.

prioritizes matching demand with nearby renewable pro-
duction. The analysis focuses on grid performance during 
the construction phase of a new district.

2 DATA AND METHODS

2.1 Data, models and case study

The study models a construction site in a developing ur-
ban district located near local renewable power sources. 
The case study is conducted under Swedish conditions 
and simulates 18 machines, representing a medium-sized 
construction project such as the development of a new 
residential area. An outline of the study is provided in 
Fig. 1.

2.1.1 Construction equipment and demand

The modeled construction site consists of electrified ma-
chinery from Volvo Construction Equipment, incorporat-
ing both their charging setups and the Volvo PU500 sta-
tionary storage unit. The reference simulation includes 
18 ECMs in total, with six units each of the Volvo EC230, 
Volvo L120, and Volvo L90, whose specifications are listed 
in Table 1.

Machine operation is scheduled using probability in-
puts obtained from Volvo’s worksite report [8], which de-
tails average hours spent operating, idling, standing still, 
and charging. These statistics are translated into proba-
bility distributions that govern the daily schedule. During 
working hours, each machine has a 55% chance of being 
in use and a 45% chance of idling. The construction work-
day runs from 07:00 to 16:00, as summarized in Table 2. 
This schedule forms the basis for the daily charging and 
operation simulations.

2.1.2 Wind and PV power generation

A wind generation model was developed using the Python 
library windpowerlib [9]. The Vestas V126/3450 turbine 
was selected as a representative unit for wind power 
production in the Eskilstuna region, Sweden, reflecting 
nearby wind farm installations [10, 11]. The model is 
driven by Copernicus ERA5 reanalysis data [12], taken 
in Eskilstuna with hourly resolution and interpolated to 
the simulation timestep. Power generation is determined 
from turbine specifications, hub height, and site-specific 
weather conditions. The turbine’s output at time t is given 
in (1).

PWT(t) =


0, v(t) < vcut-in

kWTv(t)
3, vcut-in ≤ v(t) < vrated

PWT,rated, vrated ≤ v(t) < vcut-out

0, v(t) ≥ vcut-out

(1)

Here, kWT denotes the system efficiency factor for a given 
rated capacity, PWT,rated is the turbine’s rated power, v(t) 
is the instantaneous wind speed, vcut-in the speed at which 
generation begins, vrated the speed corresponding to max-
imum power, and vcut-out the limit beyond which the tur-
bine shuts down for protection.

The photovoltaic (PV) generation profile was modeled 
using the Python package pvlib [13], with the site location 
specified at latitude 59.4° N and longitude 16.5° E. The PV 
power output at time t is expressed as

PPV(t) = kPV · I(t), (2)

where kPV represents the overall system efficiency factor 
for the installed capacity (kWp), and I(t) denotes the in-
cident solar irradiance at time t. The factor kPV incorpo-
rates performance losses due to inverter conversion, tem-
perature effects, and soiling, and is scaled to match the 
installed PV capacity.

2.1.3 District electricity demand

Local distribution network demand data from Eskilstuna 
Energi & Miljö (ESEM) are used in the study. The data are 
taken at the MV/LV substation level, representing the ag-
gregated demand of a large residential district.

2.2 Charging algorithm

2.2.1 Opportunistic charging

In opportunistic charging, the ECMs start charging when 
the idle time exceeds one time slot, at the maximum 
charging rate, provided that capacity is available. Other-
wise, they wait until a charging slot becomes available.
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Table 1. Machine and Storage Unit Models used in the study.

Machines

Name Energy Capacity Charging Capacity Rated Power Use Efficiency Runtime

EC230 264 kWh 180 kW 105 kW 98% 4h
L120 282 kWh 165 kW 228 kW 98% 5h
L90 180 kWh 150 kW 45 kW 98% 4h

Stationary Storage Units

Name Storage Charging Capacity Discharge DC Discharge AC Efficiency

PU500 395 kWh 50 kW 240 kW 17 kW 98%

Table 2. Working schedule of construction activity.

Activity Start Time End Time

Work (including breaks) 07:00 16:00
Breakfast break 09:00 09:15
Lunch break 12:00 12:45

2.2.2 Smart charging

In the smart charging strategy, the objective is to minimize 
the mismatch between renewable electricity generation 
and the total demand. The demand includes the construc-
tion site load, the charging of the stationary storage unit, 
and the charging demand of the electrified construction 
machinery (ECMs). The optimization problem can be for-
mulated as

min
T∑
t=1

(|PRES(t)− PL(t)|) , (3)

where the total load PL(t) at time t is given by

PL(t) = PPU,ch(t) +
N∑

n=1

PM,grid.ch,n(t). (4)

The renewable generation PRES(t) is expressed as

PRES(t) = PPV(t) + PWT(t), (5)

The constraints in the smart charging formulation are re-
lated to the battery state of charge (SOC), charging capac-
ity, and equipment availability. In simplified forms it can 
be written as:

• SOC limits:

SOCmin ≤ SOCt ≤ SOCmax, ∀t (6)

• Operational sufficiency:

SOCtstart ≥ SOCreq, (7)

where SOCreq is the required SOC to operate the
equipment during the next scheduled task.

• Charging capacity:

0 ≤ P ch
t ≤

{
P fast, if fast charger available
P slow, otherwise

∀t

(8)

The optimization problem formulated in this study is a 
Mixed-Integer Linear Program (MILP), since both the ob-
jective function and the constraints are linear. The inclu-
sion of the state variables (whether the ECMs are in idle or 
work) introduces integer decision variables, thereby mak-
ing the problem an MILP.

2.3 Power grid simulation

In this study, the electricity grid model and time-series 
simulations were conducted using the open-source soft-
ware Pandapower [14]. The modeled grid is illustrated 
in Fig. 2, based on the schematic outline in Fig. 1. The 
external grid operates at a high-voltage (HV) level of 110 
kV, which is stepped down through a 110/10 kV HV/MV 
transformer to supply the medium-voltage (MV) network. 
On the MV side, three representative nodes are modeled: 
the existing city district with aggregated residential elec-
tricity demand, the renewable energy source (RES) park, 
and the construction site.

The quality of the voltage in the existing district is of 
particular importance, as this connection affects a large 
number of customers. To ensure reliability, the HV/MV 
transformer voltage was fixed at 1.09 pu, so that the end-
user voltages remain within acceptable limits. With this 
setup, it is assumed that the district connection voltage 
should be maintained in the range of 1.02–1.10 pu. Any
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Fig. 2. MV electric grid ilustration of 3 buses, indicatin 
existing district (load), renewable parks (generation), and 
construction site (load).

Table 3. Simulation scenarios for ECM charging and re-
newable integration.

Scenario ECM charging RES
Opp. Smart

(1) Base 5 5 5

(2) Opp. ECM ✓ 5 5

(3) Opp. ECM + RES ✓ 5 ✓
(4) Smart ECM + RES 5 ✓ ✓

deviation outside this range is classified as either overvolt-
age or undervoltage.

2.4 Simulation scenarios

Several scenarios are simulated to assess the impact of in-
tegrating RES and ECM charging, both opportunistic and 
smart, on the MV distribution grid. Scenario (1) repre-
sents the base case with no ECM or RES integration. Sce-
nario (2) introduces opportunistic ECM charging without 
RES, capturing the standalone impact of ECM integration. 
Scenario (3) combines opportunistic ECM charging with 
RES integration, while Scenario (4) considers RES integra-
tion together with RES-based smart charging, highlighting 
their potential offsetting effects. The Wind-PV size in this 
study is set to 1 MWp–1 MWp, representing the poten-
tially optimal configuration for renewable load matching, 
as indicated by the results in [15]. The four simulated sce-
narios are summarized in Table 3. In this study, five rep-
resentative summer days are selected for simulation, as 
they capture periods of abundant solar generation that 
coincide with daytime construction activities. The simula-
tions are carried out with a 10-minute time step.

3 RESULTS

The voltage and load profiles over five summer days under 
the four simulated scenarios are presented in Fig. 3.

Fig. 3(a) illustrates the voltage level at the connection 
point to the existing district. The safe operating range is 
assumed to be 1.02–1.10 pu, as this node is located close 
to the substation. At this location, the voltage quality is

Table 4. Duration of overvoltage and undervoltage events 
under opportunistic and smart charging strategies.

Overvoltage Undervoltage
Scenario Duration Duration

[hh:mm] [hh:mm]

(1) Base 00:00 00:00
(2) Opp. ECM 00:00 00:30
(3) Opp. ECM + RES 03:00 00:00
(4) Smart ECM + RES 01:20 00:00

generally stable and far from the risk of undervoltage that 
can occur at the farthest end-users (typically with a lower 
bound of 0.9 pu). The results indicate that in Scenario 
(2), the addition of ECM opportunistic charging demand 
causes voltage drops compared to the base case, driven 
by the increased load on the grid. This leads to short peri-
ods of undervoltage, totaling around 30 minutes over the 
five days. In Scenario (3), with RES integrated, the under-
voltage disappears due to added generation that cancels 
out the effect from additional demand. However, this in-
troduces overvoltage events lasting about three hours, in-
dicating that RES integration increases the risk of voltage 
violations. In Scenario (4), where RES-based smart charg-
ing is applied, the duration of overvoltage is reduced from 
3 hours to 1 hour and 20 minutes. This highlights the ef-
fectiveness of smart charging in mitigating voltage viola-
tions, although some overvoltage events remain during 
the selected summer days due to abundant generation. 
A summary of voltage violation durations is provided in 
Table 4.

Fig. 3(b) presents the power dynamics, with renewable 
generation shown as stacked areas and charging demand 
as line plots. From these dynamics, the net generation 
for Scenarios (2)–(4) is derived and shown in Fig. 3(c). 
The net generation is directly correlated with the volt-
age level, highlighting that supply–demand imbalances in 
the RES-integrated distribution system are the main cause 
of voltage deviation. By aligning charging demand with 
renewable availability, smart charging improves load–
generation matching and thus reduces the occurrence of 
voltage violations events.

4 DISCUSSION

This paper assesses the grid impact of integrating ECM 
and RES during the construction period. Studies on the 
grid integration of construction equipment with local re-
newables are still limited, making this a novel research 
area despite the current global trend of electrification.
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Fig. 3. (a) Voltage profile at the existing district connection under the four scenarios, (b) renewable generation and charging 
power dynamics, and (c) net generation, which is positively correlated with the voltage profile.

Results in Section 3 show that, in the selected summer 
period, ECM integration alone induces undervoltage. The 
addition of solar PV and wind mitigates the undervolt-
age but introduces overvoltage due to excess generation. 
Smart charging helps reduce the overvoltage by improv-
ing the matching between load and generation. The smart 
charging strategy based on minimizing the absolute mis-
match improves load matching performance and reduces 
the peak net load. However, it is less effective in reducing 
peak excess generation, meaning that overvoltage is not 
fully eliminated. This limitation arises because minimizing 
the absolute mismatch ensures optimal energy matching 
but does not explicitly target instantaneous peak reduc-
tion. Stronger peak reductions, which will lead to fewer 
voltage violation occurrences, could be achieved by refor-
mulating the objective as a least-squares problem, which 
simultaneously maximizes load matching and minimizes 
peaks, as conducted in [16]. Such a formulation, how-
ever, in this particular study, transforms the problem into

a Mixed-Integer Quadratic Program (MIQP), which is com-
putationally more complex than a MILP.

The case study covers five summer days, which repre-
sent periods of abundant solar generation that coincide 
with daytime construction activity. However, other sea-
sons present different renewable generation patterns and 
demand characteristics, so future studies should extend 
the analysis across all seasons and consider objectives 
such as net-load variance minimization to more fully as-
sess the potential and limitations of ECM–RES integration. 
Future work could also explore alternative smart charg-
ing strategies, such as minimizing charging costs, enabling 
participation in ancillary service markets, and analyzing 
their impacts on grid operation.

5 CONCLUSIONS

This paper presented a grid impact assessment of inte-
grating ECM and RES during the construction of a new dis-
trict, with a case study on a distribution grid in a Swedish
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city over five summer days. Both opportunistic charging 
and a smart charging strategy aimed at maximizing load 
matching were simulated. The results show that ECM 
charging alone induced undervoltage events lasting up to 
30 minutes over the five days. When RES was added, 
the undervoltage was eliminated but overvoltage events 
arose, totaling three hours due to excess generation. The 
smart charging strategy reduced the amount of excess 
generation and mitigated overvoltage, lowering the vio-
lation duration to 1 hour and 20 minutes. However, not 
all overvoltage events were resolved, as the optimization 
objective focused on maximizing energy matching rather 
than minimizing instantaneous peaks, which are more di-
rectly correlated with voltage violations. Future work 
should extend the analysis to different seasons with vary-
ing renewable availability and explore alternative smart 
charging strategies, such as net-load variance minimiza-
tion or electricity market participation, while also assess-
ing their implications for grid performance.
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