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Indonesia’s energy transition has increased the importance of rooftop
photovoltaic (PV) systems, yet their integration with the PLN grid remains
challenging because intermittent generation affects supply-demand balance
and complicates the evaluation of local PV utilization. This study proposes
and evaluates a low-cost internet of things (IoT)-based AC-side monitoring
system for residential rooftop PV integration using an ESP32
microcontroller and PZEM-004T energy sensors. The proposed framework
monitors three measurement points, namely PV output, grid line, and
household load, and classifies the operating condition into export and import
states. Based on measured historical field data, the operational performance
of the system is assessed using the self-consumption ratio (SCR) and self-
sufficiency ratio (SSR). The results show that PV generation dominates
during daytime operation, whereas household demand becomes increasingly
dependent on the PLN grid from late afternoon to night. Across the
observation period, daily SCR ranges from 1.08% to 6.86%, while daily SSR
ranges from 3.07% to 74.61%, indicating limited overall self-consumption
but relatively strong daytime load support. These findings show that the
proposed low-cost AC-side IoT monitoring framework can effectively
quantify rooftop PV-grid interaction and provide a practical basis for
evaluating local PV utilization and grid dependence under actual household
operating conditions.
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1. INTRODUCTION

Indonesia’s energy transition has positioned rooftop photovoltaic (PV) systems as an important
component of distributed renewable energy deployment, with a national target of 3.61 GW of rooftop solar
capacity by 2030 [1]. Rooftop PV offers an attractive pathway to reduce dependence on fossil-based
electricity and support climate-change mitigation efforts [2]. In addition, its implementation can contribute to
better daytime energy utilization and support building-level energy efficiency [3], [4]. However, integrating
rooftop PV into the utility grid remains challenging because its intermittent output can introduce power
variability, affect the supply—demand balance, and reduce the efficiency of on-site energy utilization [5], [6].
In practical grid-connected operation, rooftop PV can supply local demand during solar hours, whereas the
utility grid remains necessary when PV output declines or becomes insufficient [7], [8]. Therefore, in
addition to measuring PV generation, a monitoring system is required to quantify how much PV energy is
directly utilized by local loads and how much is exchanged with the grid [9], [10].
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Two commonly used indicators for evaluating grid-connected prosumer performance are the self-
consumption ratio (SCR) and the self-sufficiency ratio (SSR) [11]-[13]. SCR expresses the proportion of
locally generated PV energy that is consumed on-site, while SSR indicates the proportion of the total load
demand that can be supplied by local PV generation [14]-[16]. These indicators are particularly useful for
assessing rooftop PV operation under import—export conditions because they provide complementary
information on local energy utilization and grid dependence [17], [18]. In addition, recent studies on
prosumer performance evaluation continue to use SCR and SSR to interpret the effect of grid interaction and
operating constraints in photovoltaic systems [19]. For a consistent evaluation of these indicators in practical
on-grid operation, the energy flows should be measured on the AC side so that PV output, grid exchange, and
load demand can be compared within the same electrical domain.

Previous studies have reported smart-metering and IoT-based platforms for electrical energy
monitoring, including cloud-connected architectures, real-time data logging, monitoring analytics, and low-
cost implementations using microcontrollers and AC energy sensors [20]-[24]. These studies demonstrate
that IoT can provide practical and accessible solutions for real-time monitoring of electrical and PV system
parameters. However, many existing monitoring studies mainly emphasize measurement, visualization, or
remote supervision, while fewer studies extend the monitoring function toward direct evaluation of rooftop
PV utilization under actual residential import—export operation.

At the same time, SCR- and SSR-oriented studies have widely discussed self-consumption behavior,
energy autonomy, and the influence of storage or grid limitation on prosumer performance [11]-[13], [19].
Even so, those studies often focus on indicator interpretation and performance assessment without presenting
a practical low-cost monitoring framework capable of capturing bidirectional AC-side power exchange at
multiple points in a real residential rooftop PV-grid connection. Limited attention has therefore been given to
combining low-cost IoT monitoring, export—import classification, and historical SCR/SSR evaluation within
a single AC-side monitoring architecture under real household operating conditions.

Based on this gap, this study proposes and evaluates a low-cost IoT-based AC-side monitoring
system for rooftop PV integration with the PLN grid. The proposed system uses an ESP32 microcontroller
and PZEM-004T AC energy sensors to monitor three key measurement points, namely PV output, grid line,
and household load, and to classify the operating state into export and import conditions. Using measured
historical field data, the study applies SCR and SSR to assess how effectively rooftop PV energy is utilized
locally and to what extent the household load can be supplied by PV generation. In this way, the work
contributes a practical monitoring framework for assessing rooftop PV integration under actual household
operating conditions. The rest of this paper is organized as follows. Section 2 presents the proposed
method/procedure, Section 3 explains the method, Section 4 provides the results and discussion, and Section
5 concludes the paper.

2. THE PROPOSED METHOD/PROCEDURE
2.1. System configuration and study site

This study was conducted at the Department of Electrical Engineering, Faculty of Engineering,
Universitas Andalas, using a grid-connected rooftop photovoltaic (PV) system. The monitored PV
installation consisted of five PV modules rated at 250 Wp each, resulting in a total installed capacity of
1.25 kWp. The PV array was connected to the PLN grid through a 2K-SM grid-tie inverter rated at 2200 W,
with a nominal AC output voltage of 230 Vac and a nominal frequency of 50 Hz. In this configuration, the
inverter rating exceeded the installed PV capacity, indicating that inverter overloading was not expected
during the measurements and that the observed operating performance was primarily limited by the available
PV generation. The monitored demand represented typical residential electrical usage and consisted of a
laptop charger (45 W), an electric iron (300 W), a hair dryer (350 W), an electric drill (1100 W), and a lamp
(25 W). These appliances were selected to represent day-to-day variations in residential load demand during
the observation period.

2.2. Monitoring architecture and measurement points

Figure 1 shows the proposed monitoring architecture for rooftop PV-grid integration. The
monitoring system employed an ESP32 microcontroller as the main data-acquisition unit and three PZEM-
004T AC energy sensors installed at the PV inverter output, the PLN grid line, and the household load bus.
These three AC-side measurement points were selected to capture the main energy-flow paths in the system,
namely PV-to-load, PV-to-grid (export), and grid-to-load (import).

The monitored electrical variables included voltage, current, active power, frequency, and
cumulative energy. All measured data were transmitted via Wi-Fi to the Arduino IoT Cloud platform for real-
time visualization and historical storage. This arrangement enabled continuous observation of the interaction
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between rooftop PV generation, household demand, and grid exchange under actual grid-connected operating
conditions.

2.3. System workflow and export-import identification

The operational workflow of the proposed monitoring framework is shown in Figure 2. At the
beginning of operation, the ESP32 initialized the sensors, established the Wi-Fi connection, and synchronized
the system time to ensure accurate time-stamped measurements. The system then entered a continuous
monitoring cycle in which electrical variables from the PV side, grid side, and load side were acquired and
processed in real time. The operating condition was identified from the relationship between PV generation
and load demand. When PV generation exceeded the instantaneous load requirement, the operating state was
classified as export. Conversely, when PV generation was lower than the load demand, the operating state
was classified as import, indicating that additional energy was supplied by the PLN grid. The measured data,
together with the identified operating-state labels, were then uploaded to the cloud database for further
analysis.

Inverter 2K- SM

Monitoring

Metering Energy Arduino loT Cloud

House Load

Figure 1. Experimental monitoring architecture of rooftop PV-grid integration
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Figure 2. System operation flowchart of the proposed monitoring framework

Performance evaluation of rooftop photovoltaic integration using self-consumption ... (Syukron Al-Fajri)



1402 O3 ISSN: 2252-8792

3. METHOD
3.1. Data acquisition procedure

This study employed an experimental method to implement and evaluate the proposed IoT-based
monitoring framework under actual operating conditions. Prior to installation, field observation was
conducted at the rooftop PV system, the grid-tied inverter, and the point of common coupling to identify the
sensing locations and the practical conditions of bidirectional power exchange. In parallel, a literature review
was carried out to refine the communication scheme, system configuration, and performance indicators. After
installation, the monitoring system recorded the AC-side electrical variables continuously and stored the
measured data in the cloud platform as historical operating records.

Different combinations of household appliances were operated during the observation period to
simulate day-to-day variations in residential electricity demand. On September 18, 2025, the active loads
were a laptop charger and a lamp; on September 19, 2025, a hair dryer and a laptop charger; on September
20, 2025, an electric iron and a hair dryer; on September 21, 2025, an electric drill and an electric iron; on
September 22, 2025, an electric iron and a lamp; and on September 23, 2025, a hair dryer, an electric iron, an
electric drill, and a lamp. The practical implementation of the monitoring and measurement setup used in this
study is shown in Figure 3. The figure presents the experimental arrangement used to observe the AC-side
voltage of the rooftop PV system during operation.

Figure 3. Experimental setup for AC-side voltage measurement of the rooftop PV system

3.2. Data processing and performance indices

The raw measurements were filtered, validated, and aggregated into fixed time intervals prior to
performance analysis. One-minute interval data collected over six consecutive days, from September 18 to
23,2025, between 10:00 and 20:00, were used for evaluation. The operational performance of the rooftop PV
system was assessed using the SCR and the SSR, which are widely used indicators for evaluating local PV
utilization and energy self-sufficiency in grid-connected prosumer systems. SCR expresses the fraction of
renewable electrical energy that is utilized locally rather than exported to the grid and is defined as (1) [19].

SCR, = Zloex (1)
Egen,x
Where Ej4c,is the locally generated and consumed energy, Egen is the total generated PV energy, and

xdenotes the observation interval, such as daily or the total study period. In the present study, because the
measurements were performed on the AC side under grid-connected operation without battery storage, the
locally generated and consumed energy corresponds to the portion of PV energy that is not exported to the
grid, so that (2):

Elgc,x = Egen,x - Eexport,x (2)

where Egyporer 18 the total exported PV energy during the same interval. Similarly, SSR is defined as the
ratio between locally generated and consumed energy and the total load demand, expressed as [19]:
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E,
SSR, = —H4X (3)

E load,x

where Ej,,4 . 1s the total electricity demand during the same observation interval. This formulation represents
the degree of energy independence from the PLN grid by comparing the portion of PV energy utilized locally
with the total load demand.

3.3. Sensor consistency verification

Since the SCR and SSR values were derived directly from the PZEM-004T measurements, the
consistency of the recorded electrical quantities was examined before the performance analysis. In this stage,
the verification focused on the relationship between measured active power and cumulative energy. For each
meter, incremental active energy was obtained by integrating the measured active power over time, and the
result was then compared with the incremental energy reconstructed from two consecutive cumulative energy
readings. This procedure was applied separately to the PV-side meter and the grid-side meter using one-
minute operational data.

To reduce the influence of unstable relative-error values at very low power levels, only intervals
with active power greater than 50 W were included in the evaluation. The relative error obtained for each
valid interval was then summarized using the mean relative error and the maximum absolute relative error for
each observation day. In addition, supporting field checks were carried out using a handheld digital
multimeter and a clamp meter to observe the AC-side voltage and load current during system operation.
These observations provided practical confirmation of the monitored electrical quantities under actual
operating conditions. However, they were used only as supporting checks and were not intended as a formal
calibration against a certified reference instrument.

3.4. Scope and limitations

The study focused on short-term operational monitoring of a residential rooftop PV system over a
six-day observation period. Therefore, the reported results reflect system behavior under the observed
household load combinations and operating conditions, and they do not yet represent longer-term seasonal
variation. In addition, the evaluation of the sensing devices was limited to internal consistency between
measured active power and cumulative energy. Although supporting observations were performed using a
handheld digital multimeter and a clamp meter, no comparison with a calibrated reference meter was
conducted. For this reason, the proposed monitoring system is more appropriately interpreted as a tool for
operational performance assessment of rooftop PV integration rather than as a formally calibrated
metrological instrument.

4. RESULTS AND DISCUSSION
4.1. Sensor characterization and performance verification

Because the SCR and SSR values were derived directly from the AC-side measurements, the
consistency of the PZEM-004T readings was evaluated first. For each meter, the internal consistency
between active power and cumulative energy was examined using one-minute interval data collected over six
consecutive days. Only intervals with active power above 50 W were included in the calculation in order to
avoid inflated relative error at very low load levels. The resulting mean relative error and maximum absolute
relative error for each day are summarized in Table 1.

Table 1. Results of the sensor consistency check

Date Channel  Valid 1-min interval (p>50 W)  Mean relative error (%) Max. absolute relative error (%)
September 18, 2025 PV 459 -0.0002 0.469
September 18, 2025 GRID 141 -0.0014 0.469
September 19, 2025 PV 465 0.0004 0.337
September 19, 2025 GRID 135 -0.0007 0.331
September 20, 2025 PV 462 -0.0001 0.109
September 20, 2025 GRID 138 -0.0002 0.104
September 21, 2025 PV 459 -0.0001 0.102
September 21, 2025 GRID 141 0.0006 0.101
September 22, 2025 PV 459 -0.0002 0.199
September 22, 2025 GRID 141 -0.0001 0.195
September 23, 2025 PV 459 0.0000 0.064
September 23, 2025 GRID 141 0.0002 0.067
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Table 1 shows that the number of valid one-minute intervals on the PV side ranges from 459 to 465
samples per day, whereas the grid side ranges from 135 to 141 samples. In both channels, the mean relative
error remains very close to zero, approximately within £0.002%, while the maximum absolute relative error
stays below 0.5% throughout the observation period. These results indicate that the incremental energy
reconstructed from the power signal agrees closely with the cumulative energy reported by the meter.
Consequently, the PZEM-004T sensors can be considered sufficiently consistent for operational monitoring
and for the derivation of SCR and SSR in this rooftop PV-grid integration study.

When compared with previous low-cost monitoring studies, the error level obtained in this work
remains within a practically acceptable range. Sousa et al. [25] reported voltage errors around 0.5% for a
low-cost wireless smart meter, whereas Tsai et al. [26] reported mean absolute percentage errors below 2%
for AC appliance monitoring. In the present study, the maximum absolute relative error remained below
0.5%, indicating that the consistency achieved here is within the same practical accuracy range and suitable
for operational analysis.

4.2. Current dynamics and export-import transition

The current profiles were analyzed to identify the daily operating transition between rooftop PV
supply and PLN support. Figure 4 compares the PV current and the grid current during the observation period
from September 18 to 23, 2025. Figure 4 shows that from 10:00 until approximately 17:40 to 17:46, the PV
current remains above the grid current. This condition indicates that rooftop PV serves as the main source for
the household load and, when generation exceeds consumption, allows surplus energy to be exported to the
PLN network. After the transition point, the pattern reverses, and the grid current becomes dominant, which
means that PV output is no longer sufficient to support the load on its own. Although the magnitude of the
current varies from day to day because the household load combinations are different, the same dominance
pattern remains consistent across all observation days.
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Figure 4. Comparison of PV and grid current dynamics under export—import conditions
(September 18 to 23, 2025)

A similar daily shift is commonly reported in grid-connected rooftop PV systems, where local
generation supports daytime demand while dependence on the utility grid increases once solar availability
declines. In this study, however, the transition time and current values remain entirely based on the measured
profiles of the monitored system, while the cited literature is used only as a comparison for interpreting the
operating pattern. To clarify the export-import transition further, the difference between PV current and grid
current was expressed as Iy = Ipy — Ip;y. The result is shown in Figure 5.

Figure 5 shows that [, remains positive during the daytime period, which confirms that PV
generation dominates the supply side and corresponds to export conditions. Once the transition occurs, I
becomes negative and remains so until the end of the observation period, indicating that PLN becomes the
main support for the load and the system operates under import conditions. Thus, the delta-current profile
does not only confirm the crossover seen in Figure 4, but also gives a clearer and more compact
representation of the operating state of the PV-grid interaction.

4.3. Power and cumulative energy behavior

Figure 6 shows the variation of PV and grid power under export and import conditions during the
observation period from September 18 to 23, 2025. Figure 6 shows that during the export period,
approximately from 10:00 until 17:40—17:46, the average PV power reaches 421.35 W, whereas the average
contribution from PLN is only 30.86 W. This means that most of the daytime load demand is supplied by
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rooftop PV, while the excess is directed to the grid. After the system enters the import period, the situation
changes markedly. The average power supplied by PLN rises to 423.82 W, whereas the average PV power
falls to 31.44 W as solar irradiance decreases. This result confirms that the operating mode is governed
mainly by the availability of solar power, especially toward late afternoon and evening.

A similar pattern appears in the cumulative energy profile. Figure 7 compares the accumulated PV
energy and grid energy over the same observation period. Figure 7 shows that during the productive solar
period, PV energy accumulates much faster than grid energy. This indicates that local generation contributes
most of the energy required by the household load during the day. However, after the productive solar
window ends, cumulative grid energy becomes dominant. This means that although rooftop PV is effective in
supporting daytime consumption, the system still depends strongly on PLN once solar output declines.
The same qualitative trend is also described in grid-connected rooftop PV studies, where local generation is
strongest during solar hours but continued supply outside that window remains dependent on the utility grid.

Export Impeort Export Import Export Import Export Import Export Import Export Import

El
3
2
- E—
z 1
£ o
@ v
5 —
= =1 .
_2t
—3b
4
15-09-2025 19-0%-2025 20-09-2025 21-09-2025 22-09-2025 23-09-2025
Date
—— |_delta Export (A) —— |_delta Import (A}

Figure 5. Delta current (I_delta) variation of PV and grid under export—import conditions
(September 18 to 23, 2025)
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Performance evaluation of rooftop photovoltaic integration using self-consumption ... (Syukron Al-Fajri)



1406 O3 ISSN: 2252-8792

4.4. SCR and SSR analysis

The current, power, and cumulative energy results can be summarized more clearly through the SCR
and SSR indicators. These two indices were calculated from the AC-side energy data of the monitored
system to evaluate how effectively PV generation supported local demand. Based on the observation data, the
daily SCR remains low, ranging from 1.08% to 6.86%. This indicates that only a small portion of the total
PV production is retained as direct local use across the evaluated operating window. By contrast, the daily
SSR spans from 3.07% to 74.61%, which shows that the rooftop PV system can still supply a large fraction
of the load during certain daytime periods. In other words, the monitored system performs well as a daytime
support source, but its overall self-consumption remains limited when assessed across the full daily cycle.

This combination of low SCR and relatively high daytime SSR suggests that the main limitation lies
in the mismatch between the timing of PV production and the timing of household demand. A direct
numerical comparison with previous SCR/SSR studies should be made carefully because these indicators are
strongly affected by PV capacity, load profile, storage installation, and grid-export limitation. Even so,
Ciocia et al. [19] likewise showed that self-consumption and self-sufficiency change significantly depending
on grid limitation and storage configuration. Therefore, the low SCR but relatively high daytime SSR
observed here can reasonably be interpreted as evidence that the system supports the load effectively during
solar hours, yet still exhibits limited daily self-consumption because the demand profile is not fully aligned
with PV production. From an operational perspective, this result implies that improving local PV utilization
would likely require better alignment between appliance use and PV generation, for example through
daytime load shifting. In addition, if the objective is to improve energy independence beyond daylight hours,
storage or more advanced demand management would be necessary. Without such measures, the system
remains effective during the day but structurally dependent on the grid at night.

4.5. Discussion and implications

Taken together, the results show that the proposed low-cost AC-side monitoring framework is able
to capture the essential operating behavior of rooftop PV integration, including the transition between export
and import, the relative contribution of PV and grid power, and the resulting energy-performance
implications expressed through SCR and SSR. In this sense, the system does not merely provide real-time
electrical measurements, but also supports a more interpretable assessment of local PV utilization and grid
dependence at the household level. All of these conclusions remain grounded in the present experimental
observations.

From an application standpoint, the main opportunity for improving rooftop PV utilization appears
to lie in demand-side adjustment rather than in additional PV generation alone. During the daytime, PV
already dominates the supply profile, so increasing the operation of flexible household loads in that period
would be expected to improve self-consumption directly. At the same time, the strong evening dependence
on PLN shows that energy independence remains limited in the absence of storage. Therefore, the present
results can serve as a practical basis for load scheduling, prosumer performance evaluation, and future
planning of residential rooftop PV systems. In addition, these findings suggest that policy measures
encouraging daytime energy use or prosumer-oriented incentives could improve the effective utilization of
rooftop PV systems. Such approaches may help reduce excess energy export while increasing local self-
consumption under grid-connected operation.

5. CONCLUSION

This study evaluated the operational performance of a grid-connected residential rooftop PV system
using a low-cost [oT-based AC-side monitoring framework together with the SCR and SSR indicators. The
results show that the monitored system operated under export conditions from 10:00 until approximately
17:40 to 17:46, when PV generation exceeded grid contribution, and then shifted to import operation as solar
output declined and reliance on the PLN grid increased. This behavior was also reflected in the power profile,
where the average PV power during the export period reached 421.35 W, while the average PLN contribution
during the import period increased to 423.82 W. In terms of cumulative energy, PV contributed more
strongly during the daytime, whereas grid energy became dominant again from late afternoon to night.

The calculated SCR and SSR values further indicate that the rooftop PV system was effective in
supporting household demand during daytime operation, yet its overall daily self-consumption remained
limited. Daily SCR ranged from 1.08% to 6.86%, while SSR ranged from 3.07% to 74.61%. These results
suggest that the main limitation was not simply the availability of PV generation during solar hours, but the
mismatch between the timing of PV production and the household load profile. As a result, although the
proposed monitoring framework successfully captured the key operating behavior of rooftop PV-grid
interaction under actual household conditions, the system still depended strongly on the grid outside the
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productive solar period. Overall, the study shows that low-cost AC-side IoT monitoring can provide a
practical basis for assessing local PV utilization and grid dependence in residential prosumer systems. Future
work may extend this research through longer monitoring periods, more diverse household load scenarios,
and the integration of storage or load-shifting strategies to improve self-consumption and energy
independence.
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