
American Journal of Mechanics and Applications 

2026, Vol. 13, No. 4, pp. 64–71 

https://doi.org/10.11648/j.ajma.20261304.12  

 

 

 

Received: 29 August 2026; Accepted: 10 September 2026; Published: 14 October 2026 

 

Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed 

under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which 

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 
 

Research Article 

Integration of a Photovoltaic Power System and a Solar 

Water Heater at an Industrial Facility: Data Reconciliation, 

Hybrid Energy Balance, and Measurement and Verification 

Methodology 

Badalov A. A , Suyunova X. A , Abdushaxarov J. A*  

Department of Thermodynamics and Energy Audit, Tashkent State Technical University, Tashkent, Uzbekistan 

 

Abstract 

Industrial facilities increasingly combine photovoltaic electricity and solar thermal heat, but audit reports may compare 

incompatible energy records or aggregate electrical and thermal savings into a single figure. This creates a risk of overstating 

system performance and double counting displaced energy. This study develops a data-quality-aware measurement and 

verification methodology for an existing 40 kW rooftop photovoltaic system and a proposed 400 L/day solar water-heating 

system at an industrial confectionery facility. Audit records were classified by temporal coverage, measurement source, and 

alternating-current/direct-current boundary; partial-period specific yields were calculated; photovoltaic performance indicators 

were structured in accordance with IEC 61724-1; useful thermal demand was estimated from the water mass, specific heat 

capacity, and temperature rise; and a 50-85% solar-fraction sensitivity analysis was integrated with separate electricity and heat 

ledgers. The audit reports 52.5 MWh for July-December 2025 and 36.2 MWh for January-April 2026, corresponding to partial-

period specific yields of 1,312.5 and 905 kWh/kWp. These values cannot be compared directly with a separate 26.928 MWh 

annual forecast until meter identity, capacity boundary, period completeness, and self-consumption/export allocation are 

reconciled. For the 400 L load, 18.6 kWh of useful heat is required per cycle, and annual useful solar heat varies from 3.39 to 

5.77 MWh over the investigated solar-fraction range. The proposed architecture prevents double counting by maintaining 

separate physical ledgers and integrating them only at the cost, emissions, or primary-energy layer. Data reconciliation and 

uncertainty disclosure are therefore prerequisites for credible technical and economic decisions. 
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1. Introduction 

Industrial decarbonization increasingly relies on portfolios 

that combine photovoltaic (PV) electricity with solar thermal 

heat. Although both outputs can be expressed in kilowatt-

hours, they represent different physical products, measure-

ment boundaries, losses, and displaced energy carriers. Cred-

ible energy management therefore requires the electrical and 

thermal streams to be quantified separately before they are in-

tegrated at a common cost, primary-energy, or emissions layer 

[1, 3, 8, 9]. 

For PV systems, energy production alone is insufficient to 

diagnose performance. International monitoring practice dis-

tinguishes final yield, reference yield, performance ratio, 

availability, and data completeness [4, 11]. These indicators 

are sensitive to irradiance, module temperature, downtime, 

soiling, shading, measurement location, and degradation [12, 

16]. Consequently, a register total cannot be interpreted with-

out an explicit time period, rated-capacity boundary, meter 

identity, and statement of whether the value represents alter-

nating-current generation, direct-current production, export, 

or facility self-consumption. 

Solar water-heating performance is likewise governed by 

the useful hot-water demand, collector and storage losses, load 

timing, backup energy source, and solar fraction [17, 24]. A 

theoretical heat requirement is not equivalent to delivered so-

lar heat, and a fixed annual saving cannot be defended unless 

the demand profile and solar contribution are measured or 

transparently modelled. 

The case-study audit contains an existing 40 kW rooftop PV 

system, partial-period generation records for 2025-2026, a 

separate annual forecast, and a proposed 400 L solar water-

heating concept. The reported PV values differ substantially, 

yet they do not share the same temporal coverage or epistemic 

status. The research gap is therefore not a lack of another an-

nual-energy estimate; it is the absence of a unified procedure 

that separates forecast, measured, and verified evidence while 

preventing double counting between electrical and thermal 

savings [6, 7]. 

Accordingly, the objective of this study is to develop and 

demonstrate a data-reconciliation and measurement-and-veri-

fication framework that: (i) classifies PV records by period, 

source, and boundary; (ii) calculates only defensible partial-

period indicators; (iii) quantifies solar-water-heating sensitiv-

ity to solar fraction; (iv) integrates electricity and heat through 

separate physical ledgers; and (v) identifies the evidence re-

quired before technical, economic, or contractual claims are 

made. 

2. Methodology 

2.1. Case-Study Data and Analytical Boundary 

The analysis uses the numerical records contained in the 

source manuscript. The PV asset is described as a 40 kW roof-

top installation using LONGi modules and a Huawei inverter. 

Monthly generation values are available for July-December 

2025 and January-April 2026. A separate screening calcula-

tion estimates 81.6 kWh/day and 26.928 MWh/year for 330 

operating days. The solar-thermal concept assumes 400 L of 

water heated by 40°C per cycle. No raw inverter time series, 

irradiance data, bidirectional-meter records, commissioning 

documents, hot-water load profile, or sensor-calibration cer-

tificates were supplied. 

Table 1. Case-study assets, records, and evidence status. 

Item Available information Evidence limitation 

PV system 
40 kW rooftop installation; LONGi modules; 

Huawei inverter 
DC/AC rating and commissioning capacity not confirmed 

PV records 
52.5 MWh for Jul-Dec 2025; 36.2 MWh for Jan-

Apr 2026 

Meter ID, completeness, and export/self-use allocation not pro-

vided 

PV forecast 26.928 MWh/year from a screening formula Scenario assumptions are not equivalent to measured performance 

Solar thermal 400 L/day; 40°C temperature rise; 75% factor 
Collector area, demand profile, and delivered-heat meter not pro-

vided 

 

2.2. Data Reconciliation Procedure 

Each reported value was first assigned four attributes: (1) 

temporal coverage, (2) evidence class (forecast, operational 

record, or verification record), (3) measurement source, and 

(4) physical boundary. Values were compared only when 

these attributes were compatible. The resulting workflow is 

shown in Figure 1. 
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Figure 1. Data-reconciliation and hybrid M&V workflow. 

For a period with measured alternating-current energy 

E_AC and rated PV capacity P_0, the final or specific yield is 

calculated from Eq (1) [4, 11]. Because irradiance data were 

not available, the reference yield and performance ratio are 

defined methodologically but are not numerically reported. 

Yf = EAC / P0                      (1) 

Yr = HPOA / GSTC                   (2) 

PR = Yf / Yr                       (3) 

PV energy was represented by the balance in Eq (4). The 

storage term is zero when no storage system is installed, but 

the boundary-loss term remains conceptually important be-

cause inverter and revenue-meter readings may be taken at dif-

ferent points. 

EPV = Eself + Eexport + ΔEstorage + Eloss    (4) 

2.3. Solar-Thermal and Hybrid-Balance 

Method 

The useful heat required to raise the water temperature was 

calculated from Eq (5). The annual useful solar heat was then 

evaluated as a function of the solar fraction using Eq (6). The 

source manuscript reports a 75% factor; this study treats that 

value explicitly as a scenario rather than a verified annual re-

sult. 

Qload = m cp ΔT                 (5) 

Qsolar, annual = fs Qload N             (6) 

where m is the water mass, c_p is the specific heat capacity of 

water, ΔT is the temperature rise, f_s is the solar fraction, and 

N is the number of operating cycles per year. Gas equivalence 

was calculated using a nominal heating value of 9.4 kWh/m3; 

boiler efficiency was not applied because it was not reported. 

The hybrid portfolio preserves electricity and heat as sepa-

rate physical ledgers. Conversion to a common portfolio indi-

cator is permitted only after the displaced energy carrier, tariff, 

emissions factor, and reporting period are defined. This rule 

prevents solar thermal from being counted both as avoided 

grid electricity and as avoided gas when only one backup en-

ergy source is displaced. 

2.4. Uncertainty and Acceptance Criteria 

The study applies a structured uncertainty screen rather than 

a numerical uncertainty budget because instrument classes 

and raw interval data were unavailable. A performance claim 

is considered acceptable only when the rated capacity, meter 

identity, timestamp completeness, AC/DC boundary, energy-

flow allocation, and change history are documented. For a fu-

ture full M&V study, combined standard uncertainty may be 

propagated according to Eq (7), with sensitivity coefficient c_i 

and standard uncertainty u_i. 

uc = √Σ(ci ui)2                  (7) 

3. Results and Discussion 

3.1. PV Data Reconciliation 

The source manuscript reports 52.5 MWh for July-Decem-

ber 2025 and 36.2 MWh for January-April 2026. Dividing 

these totals by 40 kW gives partial-period specific yields of 

1,312.5 and 905 kWh/kWp, respectively. These values are 

valid only for the stated periods and must not be presented as 

annual yields. 

Table 2. PV records and their correct interpretation. 

Record Coverage Energy Specific yield Classification 

2025 register total Jul-Dec 2025 52.5 MWh 1,312.5 kWh/kWp Measured partial period 

2026 register total Jan-Apr 2026 36.2 MWh 905 kWh/kWp Measured partial period 

Project estimate Full-year scenario 26.928 MWh 673.2 kWh/kWp Forecast 

 

http://www.sciencepg.com/journal/ajma


American Journal of Mechanics and Applications http://www.sciencepg.com/journal/ajma 

 

67 

Figure 2 visualizes the three reported values. Their numer-

ical proximity or difference is not evidence of underperfor-

mance or overperformance because the measured bars cover 

incomplete and unequal periods, while the forecast covers a 

full year and derives from a simplified screening expression. 

 
Figure 2. Measured partial-period PV records and the separate annual forecast. 

A conclusion such as “the PV system generated twice the planned value” would therefore be scientifically unsupported. At 

minimum, the checks in Table 3 must be completed before a normalized comparison or payback calculation is performed. 

Table 3. Acceptance controls for PV data reconciliation. 

Control Question Required evidence 

Capacity boundary Is 40 kW the installed DC or AC rating? Commissioning record and as-built single-line diagram 

Meter source Where was generation measured? Inverter portal and revenue/verification meter ID 

Temporal coverage Are all intervals and months complete? Timestamped interval data and completeness ratio 

Energy flow Are self-consumption and export separated? Bidirectional import/export balance 

Change history Was the array or inverter capacity modified? Asset register and change log 

Reviewer-critical result: the inconsistency is retained as a data-quality finding. No performance-ratio, degradation, or financial claim is 

made until the evidence boundary is reconciled. 

 

3.2. PV Performance-Monitoring Indicators 

The recommended monitoring set separates generation per-

formance from facility net savings. Generation performance 

evaluates the PV technology; facility net savings evaluate the 

normalized reduction in grid imports after accounting for pro-

duction volume and operational changes. This distinction is 

consistent with energy-baseline and M&V practice [2, 3, 8, 9]. 

Table 4. Key PV monitoring indicators. 

Indicator Definition Decision use 

Final yield, Y_f AC energy divided by rated PV capacity Comparison across capacity and time 

Reference yield, Y_r Plane-of-array irradiation divided by reference irradiance Solar-resource normalization 

Performance ratio, PR Y_f / Y_r Aggregate system-loss indicator 
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Indicator Definition Decision use 

Availability Time ready for operation / reporting time Downtime control 

Self-consumption ratio E_self / E_PV Internal economic value 

Export share E_export / E_PV Grid-delivery value 

Data completeness Valid intervals / expected intervals Confidence in annualization 

 

If annual energy declines, the investigation sequence should 

begin with data completeness and irradiation, followed by 

downtime, soiling, shading, string mismatch, inverter alarms, 

and component degradation [5, 10, 12-16]. This sequence re-

duces the risk of attributing a data or weather effect to equip-

ment failure. 

3.3. Solar Water-Heating Sensitivity 

For 400 kg of water, a 40°C temperature rise requires 67.0 

MJ, equivalent to approximately 18.6 kWh of useful heat per 

cycle. This is the demand delivered to the water, not the solar 

energy incident on the collector. Collector, piping, and storage 

losses mean that the required incident energy is greater. 

Assuming one cycle per day and 365 cycles per year, annual 

useful heat varies linearly with solar fraction. The 75% sce-

nario gives 5.09 MWh/year, close to the 5.022 MWh/year 

value in the source manuscript; the minor difference reflects 

rounding and the stated daily-cycle assumption. 

 
Figure 3. Useful-heat sensitivity to solar fraction for a 400 L/day load. 

Table 5. Solar-fraction sensitivity for the 400 L/day load. 

Solar fraction Useful solar heat Nominal gas equivalent Interpretation 

50% 3.39 MWh/year ≈361 m3/year Conservative solar contribution 

65% 4.41 MWh/year ≈469 m3/year Moderate solar contribution 

75% 5.09 MWh/year ≈542 m3/year Source-manuscript scenario 

85% 5.77 MWh/year ≈614 m3/year High solar contribution 

 

The sensitivity range demonstrates that a single annual sav-

ing is not an inherent property of a 400 L tank. It depends on 

useful demand, collector sizing and orientation, weather, con-

trols, and backup energy. A heat meter based on flow and sup-

ply/return temperatures is therefore required for post-invest-

ment verification [18-24]. 
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3.4. Hybrid Electricity-Heat Balance and M&V 

Architecture 

The hybrid balance must identify the displaced carrier. 

When hot water is produced by electricity, solar thermal re-

duces electrical load and can change the PV self-consumption 

profile. When the backup source is gas, solar thermal reduces 

gas consumption and does not physically overlap with PV 

generation. The common portfolio result should therefore be 

constructed only after the two ledgers are verified. 

Table 6. Measurement architecture for the hybrid solar portfolio. 

Flow Measurement point Unit M&V role 

PV AC generation Inverter and verification meter kWh Technology output 

Grid import/export Bidirectional revenue meter kWh Facility net electricity balance 

Delivered solar heat Heat meter: volume flow × temperature difference kWh_th Useful thermal output 

Backup heat Gas or electricity meter m3 or kWh Displaced conventional energy 

Hot-water demand Flow and inlet/outlet temperature sensors L and°C Demand normalization 

 

Sensor class, calibration date, timestamp synchroniza-

tion, data-gap rules, and reporting-period consistency 

should be included in the M&V package. Forecast models, 

inverter portals, and revenue meters form different levels 

of evidence and are not interchangeable. Financial ledgers 

must also separate avoided-purchase tariffs, export tariffs, 

and gas tariffs. 

 

 

3.5. Implementation Strategy, TRL, and 

Decision Use 

The existing PV hardware has a high technology-readiness 

level; the immediate development need is data quality and per-

formance analytics. The solar-thermal technology is mature in 

general, but the site-specific concept remains at a lower read-

iness level because demand logging, collector sizing, hydrau-

lic integration, and commissioning evidence are absent. 

Table 7. Phased implementation plan. 

Stage PV task Solar-thermal task Outcome 

1 Reconcile inverter and revenue-meter records 
Log hot-water flow and temperature for 2-4 

weeks 
Reliable baseline 

2 
Add irradiation, PR, availability, and completeness 

monitoring 

Complete collector sizing and hydraulic de-

sign 
Design evidence 

3 Implement O&M analytics and alarm tracking Pilot, commission, and install heat metering 
Measured perfor-

mance 

4 Conduct annual normalized M&V Conduct annual normalized M&V 
Portfolio optimiza-

tion 

 

Economic ranking should use verified annual energy, tariff 

structure, maintenance cost, useful life, and uncertainty range. 

The largest nominal kilowatt-hour value is not automatically 

the best investment because electrical and thermal energy can 

have different marginal values and verification risks. 

4. Conclusions 

This study reformulates the available audit evidence into a 

data-quality-aware framework for combined PV and solar wa-
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ter-heating assessment. The principal finding is that incon-

sistency in energy accounting must be separated from conclu-

sions about technology performance. The 52.5 MWh and 36.2 

MWh PV records are partial-period totals, while 26.928 MWh 

is a full-year forecast; they cannot be compared directly. 

For the solar water-heating concept, the useful demand is 

approximately 18.6 kWh per 400 L cycle. Annual useful solar 

heat ranges from 3.39 to 5.77 MWh/year for solar fractions of 

50-85%, demonstrating that the source value is a scenario ra-

ther than a verified outcome. 

A defensible hybrid M&V system must maintain separate 

electricity and heat ledgers, define meter and capacity bound-

aries, distinguish forecast from measured and verified data, re-

port completeness and uncertainty, and integrate results only 

at the cost, emissions, or primary-energy layer. The immediate 

priority is therefore not additional extrapolation, but collection 

of the missing meter, irradiance, commissioning, and hot-wa-

ter-demand evidence. 
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initialm
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m  Mass Loss (g) 

Author Contributions 

Kenjaboev Shukurjon: Methodology, Project administra-

tion, Supervision, Writing – review & editing 

Muydinova Nilufar: Methodology, Resources, Validation, 

Writing – review & editing 

Akbarov Alisher: Conceptualization, Data curation, For-

mal Analysis, Investigation, Methodology, Software, Valida-

tion, Visualization, Writing – original draft 

Nishonov Farkhod: Data curation, Formal Analysis, In-

vestigation, Methodology, Software, Validation, Visualiza-

tion, Writing – original draft 

Conflicts of Interest 

The authors declare no conflicts of interest. 

References 

[1] International Organization for Standardization. (2018). ISO 

50001: 2018, Energy management systems—Requirements 

with guidance for use. Geneva, Switzerland: ISO. 

[2] International Organization for Standardization. (2023). ISO 

50006: 2023, Energy management systems—Evaluating en-

ergy performance using energy performance indicators and en-

ergy baselines. Geneva, Switzerland: ISO. 

[3] International Organization for Standardization. (2014). ISO 

50015: 2014, Energy management systems—Measurement and 

verification of energy performance of organizations—General 

principles and guidance. Geneva, Switzerland: ISO. 

[4] International Electrotechnical Commission. (2021). IEC 

61724-1: 2021, Photovoltaic system performance—Part 1: 

Monitoring. Geneva, Switzerland: IEC. 

[5] International Electrotechnical Commission. (2016). IEC 

62446-1: 2016, Photovoltaic systems—Requirements for test-

ing, documentation and maintenance—Part 1: Grid connected 

systems. Geneva, Switzerland: IEC. 

[6] International Electrotechnical Commission. (2021). IEC 

61215-1: 2021, Terrestrial photovoltaic modules—Design 

qualification and type approval—Part 1: Test requirements. 

Geneva, Switzerland: IEC. 

[7] International Electrotechnical Commission. (2010). IEC 

62109-1: 2010, Safety of power converters for use in photovol-

taic power systems—Part 1: General requirements. Geneva, 

Switzerland: IEC. 

[8] Efficiency Valuation Organization. (2022). International Per-

formance Measurement and Verification Protocol: Core con-

cepts. Washington, DC: EVO. 

[9] ASHRAE. (2014). ASHRAE Guideline 14-2014: Measure-

ment of energy, demand, and water savings. Atlanta, GA: 

ASHRAE. 

[10] National Renewable Energy Laboratory. (2018). Best practices 

for operation and maintenance of photovoltaic and energy stor-

age systems (3rd ed., NREL/TP-7A40-73822). Golden, CO: 

NREL. 

[11] Marion, B., Adelstein, J., Boyle, K., Hayden, H., Hammond, B., 

Fletcher, T., et al. (2005). Performance parameters for grid-

connected PV systems. In Proceedings of the 31st IEEE Photo-

voltaic Specialists Conference (pp. 1601-1606).  

https://doi.org/10.1109/PVSC.2005.1488451 

[12] Skoplaki, E., & Palyvos, J. A. (2009). On the temperature de-

pendence of photovoltaic module electrical performance: A re-

view of efficiency/power correlations. Solar Energy, 83(5), 

614-624. https://doi.org/10.1016/j.solener.2008.10.008 

[13] Reich, N. H., Mueller, B., Armbruster, A., van Sark, W. G. J. 

H. M., Kiefer, K., & Reise, C. (2012). Performance ratio revis-

ited: Is PR > 90% realistic? Progress in Photovoltaics: Research 

and Applications, 20(6), 717-726.  

https://doi.org/10.1002/pip.1219 

[14] Jordan, D. C., & Kurtz, S. R. (2013). Photovoltaic degradation 

rates—An analytical review. Progress in Photovoltaics: Re-

search and Applications, 21(1), 12-29.  

https://doi.org/10.1002/pip.1182 

[15] Firth, S. K., Lomas, K. J., & Rees, S. J. (2010). A simple model 

of PV system performance and its use in fault detection. Solar 

Energy, 84(4), 624-635.  

https://doi.org/10.1016/j.solener.2009.08.004 

[16] Aghaei, M. (2022). Autonomous monitoring and analysis of 

photovoltaic systems. Energies, 15(14), 5011.  

https://doi.org/10.3390/en15145011 

http://www.sciencepg.com/journal/ajma


American Journal of Mechanics and Applications http://www.sciencepg.com/journal/ajma 

 

71 

[17] Duffie, J. A., & Beckman, W. A. (2013). Solar engineering of 

thermal processes (4th ed.). Hoboken, NJ: Wiley. 

[18] Kalogirou, S. A. (2004). Solar thermal collectors and applica-

tions. Progress in Energy and Combustion Science, 30(3), 231-

295. https://doi.org/10.1016/j.pecs.2004.02.001 

[19] Shukla, R., Sumathy, K., Erickson, P., & Gong, J. (2013). Re-

cent advances in the solar water heating systems: A review. Re-

newable and Sustainable Energy Reviews, 19, 173-190.  

https://doi.org/10.1016/j.rser.2012.10.048 

[20] Tian, Y., & Zhao, C. Y. (2013). A review of solar collectors 

and thermal energy storage in solar thermal applications. Ap-

plied Energy, 104, 538-553.  

https://doi.org/10.1016/j.apenergy.2012.11.051 

[21] Hernandez, P., & Kenny, P. (2012). Net energy analysis of do-

mestic solar water heating installations in operation. Renewa-

ble and Sustainable Energy Reviews, 16(1), 170-177.  

https://doi.org/10.1016/j.rser.2011.07.144 

[22] Eze, F. C., Egbo, M., Anuta, U. J., Ntiriwaa, O.-B. R., Ogola, 

J., & Mwabora, J. (2024). A review on solar water heating tech-

nology: Impacts of parameters and techno-economic studies. 

Bulletin of the National Research Centre, 48, 29.  

https://doi.org/10.1186/s42269-024-01187-1 

[23] Veeraboina, P., & Ratnam, G. Y. (2012). Analysis of the op-

portunities and challenges of solar water heating system in In-

dia: Estimates from energy audit surveys and review. Renewa-

ble and Sustainable Energy Reviews, 16(1), 668-676.  

https://doi.org/10.1016/j.rser.2011.08.032 

[24] International Organization for Standardization. (1995). ISO 

9459-2:1995, Solar heating—Domestic water heating sys-

tems—Part 2: Outdoor test methods for system performance 

characterization. Geneva, Switzerland: ISO. 

 

Biography 

Badalov A. A is a researcher specializing 

in history, with a particular focus on the 

history of Central Asia and the Fergana 

Valley. His research interests include the 

history of medicine and healthcare, social 

history, and the development of public 

health and pharmacy in the region. His ac-

ademic work focuses on the study and analysis of historical 

sources related to the social and medical development of Central 

Asia. 

Suyunova X. A is a researcher with aca-

demic interests in the field of history and 

social sciences. Her research focuses on 

the study of historical processes, social 

development, and cultural aspects of Cen-

tral Asia. She is interested in conducting 

academic research and analyzing histori-

cal sources to contribute to a better understanding of the region’s 

history and society. 

Abdushaxarov J. A is a researcher with 

academic interests in the field of history 

and social sciences. His research focuses 

on historical processes, social develop-

ment, and the study of Central Asian his-

tory and culture. 

Research Field 

Badalov A. A: History, History of Medicine, Central Asian Stud-

ies, Social History 

Suyunova X. A: History, Central Asian Studies, Social History, 

Cultural History, and Historical Research Methods 

Abdushaxarov J. A: History, Central Asian Studies, Social His-

tory, Cultural History, and Historical Research Methods 

 

http://www.sciencepg.com/journal/ajma

