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Summary
Domestic hot water offers a direct opportunity to substitute electric resistance heating in high-irradiation regions. This study compares three 200 L systems operated side by side at the Namibia Energy Institute / NUST Science and Technology Park in Windhoek: an indirect flat-plate thermosyphon, an indirect evacuated-tube thermosyphon and a PV2Heat system. The technical assessment uses the project-level monitoring evaluation prepared by Moschik (2026), avoiding reconstruction of missing raw-monitoring intervals. Reported solar yields are 2256, 1373 and 1652 kWh, while useful hot-water energies are 1862, 1058 and 1243 kWh for flat plate, evacuated tube and PV2Heat, respectively. The corresponding reported gross-area-specific solar yields are 909, 557 and 319 kWh m⁻². An as-built foreground inventory was modeled in SimaPro using ecoinvent allocation, cut-off by classification, IPCC 2021 GWP100 and Cumulative Energy Demand. Normalization to the useful hot-water service gives approximately 20.3, 29.6 and 71.5 g CO₂-eq kWh⁻¹ and 0.273, 0.413 and 1.131 MJ kWh⁻¹, respectively. Useful-heat energy payback times are about 1.52, 2.29 and 6.28 years. Because supplier invoices were unavailable, techno-economic results are based on explicit engineering cost assumptions; central LCOH estimates are EUR 0.081, 0.155 and 0.122 kWh⁻¹. Within the stated monitoring and cost limitations, the flat-plate thermosyphon shows the strongest combined technical, environmental and economic performance for the investigated dedicated domestic-hot-water application.
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Field of application for the findings: : Small-scale domestic hot water supply for households and small buildings in Namibia and comparable high-irradiation Sunbelt regions.
Addressed audience: Researchers, technology developers, energy planners, building owners and decision-makers working on solar domestic hot water systems.
Introduction
Domestic hot water is a recurring thermal demand that can be shifted from conventional electric resistance heating to solar-based technologies with comparatively low system complexity. This is particularly relevant in Namibia, where solar resources are excellent and national climate policy targets substantial greenhouse-gas reductions and an increasing contribution from renewable energy (Republic of Namibia, 2021). Solar thermal water heating is one of the most mature direct uses of solar energy, while lower photovoltaic costs have made direct electric water heating by PV2Heat an increasingly relevant alternative (Weiss and Spörk-Dür, 2023).
For household-scale applications in Sunbelt regions, thermosyphon systems and PV2Heat represent two distinct technological pathways. Thermosyphon systems convert solar radiation directly into heat and can operate without circulation pumps, but require a hydraulic loop, insulation and thermal storage. PV2Heat replaces the collector loop with photovoltaic modules and an electrical heating element, increasing modularity and simplifying some installation tasks, but generally requires a larger solar aperture for the same useful thermal service.
Direct comparisons under identical field conditions remain limited. Published studies often combine different climates, load profiles, component sizes, simulation assumptions or system boundaries, making technology rankings sensitive to the study design (Buckley et al., 2019; Shimhanda et al., 2018). Earlier sustainability assessments have also shown that embodied material and manufacturing impacts can become important when highly efficient solar technologies are compared over their service life (Kicker et al., 2017, 2018).
[bookmark: _Hlk240519477]The present work addresses this gap through a side-by-side comparison of three domestic hot-water systems installed on one common test platform in Windhoek. The contribution combines the latest project-level monitoring evaluation, an as-built life-cycle inventory and a transparent engineering cost model. The central objective is to compare technical yield, greenhouse-gas intensity, cumulative energy demand, energy payback time and levelized cost of useful hot water within one harmonized framework.
Experimental setup and monitoring
The experimental campaign was designed as a direct field comparison of three domestic hot-water concepts rather than as three independent demonstrations. The systems share one test site, a harmonized water-use profile and a common monitoring environment, thereby reducing the influence of site-to-site variability on the technology comparison. The overall platform is shown in Fig. 1, while the principal system dimensions and installed capacities are summarized in Table 1. The monitoring data adopted for the present assessment are subsequently consolidated in Table 2 and visualized in Figures 2 and 3.
[bookmark: _Hlk240529022]2.1. Side-by-side test platform
The experimental platform is located at the NUST Science and Technology Park in Windhoek and was established within the SOLTRAIN / Namibia Energy Institute activities. Its central purpose is the side-by-side testing and comparison of solar hot-water technologies under the same local boundary conditions. As documented in the project test procedure, the three systems are operated with the same orientation, climatic exposure and water-usage profile; the evaluated comparison was performed without active maintenance and without backup heating (Moschik, 2026). These conditions are important for interpreting the results because they expose technology-specific conversion and storage performance without masking differences through auxiliary heat input.
The common container-based infrastructure provides the experimental and monitoring backbone for the comparison. Collector and PV components are exposed externally at the same site, while the test platform integrates the hydraulic and electrical interfaces required for parallel operation and online monitoring. The configuration visible in Figure 1 therefore represents a common research environment rather than part of any one commercial hot-water technology. This distinction is retained later in the life-cycle assessment, where shared research infrastructure is excluded from the foreground product systems.
The comparative design deliberately combines absolute system output with area-specific indicators. The flat-plate and evacuated-tube systems use one solar-thermal collector each, whereas PV2Heat uses two photovoltaic modules. Consequently, the gross and aperture areas differ substantially between the three concepts. Table 1 should therefore be read as the physical basis for the performance comparison rather than as an indication that the systems have identical collector footprints. Reporting both absolute yield and area-specific yield allows the analysis to distinguish the delivered hot-water service from the collector-area requirement associated with each technology.
Tab. 1: Main configuration of the three systems used in the side-by-side test procedure (Moschik, 2026).
	System
	No.
	Gross area [m²]
	Aperture area [m²]
	Capacity 
[kWth / kWp]
	Tank [L]

	Flat-plate thermosyphon
	1
	2.52
	2.30
	1.76
	200

	Evacuated-tube thermosyphon
	1
	2.43
	1.56
	1.69
	200

	PV2Heat
	2 modules
	5,17
	5.02
	1.11
	200



[image: ]
Fig. 1: Container-based side-by-side test platform layout and setup at the Namibia Energy Institute / NUST Science and Technology Park in Windhoek. The flat-plate thermosyphon, evacuated-tube thermosyphon and PV2Heat systems are operated under a common test and monitoring environment (project documentation; Moschik, 2026).
2.2. Investigated system configurations and harmonized test conditions
The three systems represent two fundamentally different solar-to-hot-water conversion pathways. The flat-plate and evacuated-tube systems are indirect thermosyphon concepts in which solar radiation is converted to heat in a collector loop and transferred to a 200 L storage tank. The PV2Heat concept converts solar radiation to electricity in two PV modules and supplies the hot-water store electrically. Despite these architectural differences, the test procedure harmonizes the final service boundary by using the same nominal storage volume and the same water-use profile for all systems. The system characteristics relevant to the field comparison are listed in Table 1.
The flat-plate thermosyphon has a gross collector area of 2.52 m², an aperture area of 2.30 m² and a reported thermal capacity of 1.76 kWth. The evacuated-tube thermosyphon has a similar gross area of 2.42 m², but its aperture area is smaller at 1.56 m²; the reported thermal capacity is 1.69 kWth. PV2Heat uses two modules with a combined gross area of 5.17 m², an aperture area of 5.02 m² and an installed photovoltaic capacity of 1.11 kWp. Thus, the PV-based system requires approximately twice the gross solar collection area of either thermosyphon system in the installed configuration. This difference is retained in the comparison rather than normalized away, because it is part of the as-built technology concept.
A further consequence of the different collector geometries is that gross-area and aperture-area performance do not convey exactly the same information. Gross area represents the installed collector footprint and is therefore useful for comparing space requirements, whereas aperture area more closely reflects the active radiation-receiving area. The monitoring evaluation reports both metrics where available. In the present paper, gross-area results are used for the principal technology comparison because the three installed concepts occupy different physical areas; aperture-area values are retained as supporting information for interpreting the evacuated-tube collector.
2.3. Monitoring basis and data handling
The project monitoring system records the solar-side energy, the energy delivered to the hot-water demand, thermal losses and auxiliary electrical energy and provides online visualization of the parallel system operation. For this paper, the author-prepared project evaluation dated 9 April 2026 is treated as the authoritative aggregated monitoring source (Moschik, 2026). This choice is deliberate: it avoids reconstructing incomplete or reset intervals from the raw workbook and ensures that the published comparison remains consistent with the processed values prepared by the monitoring lead author.
The annual comparison values adopted for the analysis are summarized in Table 2 and shown graphically in Fig. 2. For the flat-plate and evacuated-tube systems, the dedicated result slides report solar yields of 2256 and 1373 kWh and useful hot-water energies of 1862 and 1058 kWh, respectively, for the April 2025 to March 2026 evaluation period. For PV2Heat, the project comparison reports 1652 kWh as the solar-yield value and 1243 kWh as the useful hot-water energy. The resulting useful-hot-water-to-solar-yield ratios are 82.5%, 77.1% and 75.2% for flat plate, evacuated tube and PV2Heat, respectively. These ratios are descriptive energy-balance indicators and should not be interpreted as collector efficiencies.
The difference between solar-side yield and useful hot-water energy is retained explicitly throughout the paper. Solar yield describes the energy captured or generated on the solar side of each technology, whereas useful hot-water energy represents the energy finally available to the standardized demand after system-level losses. This separation becomes particularly important for the environmental and economic assessment in Section 3, where the delivered hot-water service is used as the common denominator. Figure 2 therefore displays both quantities rather than only the higher solar-side yield.
Area-specific performance provides an additional perspective on the installed systems. The monitoring evaluation reports gross-area-specific solar yields of 909 kWh m⁻² a⁻¹ for the flat plate, 557 kWh m⁻² a⁻¹ for the evacuated tube and 319 kWh m⁻² a⁻¹ for PV2Heat. On an aperture-area basis, the reported values are 981 and 860 kWh m⁻² a⁻¹ for the flat-plate and evacuated-tube collectors, respectively; a separate aperture-area value is not reported for PV2Heat. As Table 2 shows, the gross-area normalization accentuates the larger installed area of the PV configuration, whereas the aperture-area comparison reduces the difference between the two solar-thermal collectors.
One documentation inconsistency is retained transparently rather than being corrected by assumption. The dedicated PV2Heat result slide labels the 1652 kWh solar-yield aggregation as June 2025 to March 2026, while the final comparison slide uses 1652 kWh as the project comparison value and reports 1243 kWh useful hot-water energy for April 2025 to March 2026. No additional extrapolation is introduced in this paper. The project-reported 1652 kWh value is used for the technical comparison, while the full-period useful hot-water energy of 1243 kWh is used for the service-based normalization in the subsequent LCA and cost assessment. This treatment keeps the data lineage auditable and avoids fabricating unreported monthly values.

Fig. 2: Project-level solar yield and useful hot-water energy adopted for the comparative assessment.
Values are taken from the author-prepared monitoring evaluation (Moschik, 2026).
Tab. 2: Performance data adopted from the author-prepared project evaluation (Moschik, 2026).
	Indicator
	Flat plate
	Evacuated Tube
	PV2Heat

	Solar yield [kWh]
	2256
	1373
	1652

	Useful hot-water energy [kWh]
	1862
	1058
	1243

	Specific solar yield, gross area [kWh m⁻²]
	909
	557
	319

	Specific solar yield, aperture area [kWh m⁻²]
	981
	860
	not reported

	Useful heat / solar yield [%]
	82.5
	77.1
	75.2



2.4. Selected-day efficiency comparison
In addition to the aggregated annual comparison, the monitoring evaluation provides collector-loop efficiencies for representative high-, average- and low-irradiation days. These selected-day results are shown in Figure 3 and are used as diagnostic information rather than as substitutes for annual efficiency calculations. At 7.50 kWh m⁻² incident solar energy, the reported gross-area efficiencies are 40.7% for the flat plate, 27.1% for the evacuated tube and 13.4% for PV2Heat. At the average-radiation case of 5.99 kWh m⁻², the corresponding values are 41.1%, 29.9% and 16.5%, while at 1.99 kWh m⁻² they are 31.9%, 26.6% and 17.5%.
The selected days illustrate how the relative behavior changes with irradiance. On a gross-area basis, the flat-plate collector retains the highest conversion efficiency in all three cases, but the gap to the evacuated-tube system narrows substantially at low irradiation. The project presentation quantifies the evacuated-tube deficit relative to the flat plate as 33.5% under the high-radiation condition and 16.8% under the low-radiation condition (Moschik, 2026). These selected days are not used to infer an annual efficiency; instead, the annual yield values in Table 2 remain the basis for the technical, environmental and economic comparison.
The area definition is especially relevant for the evacuated-tube collector. Moschik (2026) reports aperture-area efficiencies of 44.6%, 45.0% and 35.0% for the flat plate at high, average and low irradiation, compared with 41.7%, 45.9% and 40.9% for the evacuated tube. The evacuated-tube system therefore reaches or exceeds the flat plate when efficiency is related to aperture area under average and low irradiation, even though its gross-area efficiency remains lower. Figure 3 intentionally uses gross-area efficiency for all three systems so that the displayed values remain consistent with the installed-area comparison and with the gross-area-specific yields reported in Table 2.
Taken together, Figure 3 and Table 2 serve complementary purposes. Figure 3 explains the short-term conversion behavior under different radiation levels, whereas Table 2 describes the project-level energy delivered over the comparison period. The distinction prevents favorable spot efficiencies from being mistaken for superior annual output and provides the technical basis for the service-normalized assessment developed in the following section.

Fig. 3: Gross-area collector-loop efficiencies on selected high-, average- and low-irradiation days reported by Moschik (2026). 
The selected-day values are diagnostic and are not used as annual efficiencies.
Assessment methodology
This chapter defines the harmonized environmental and techno-economic framework used to translate the monitored useful-hot-water output into directly comparable life-cycle and cost indicators.
3.1. Functional unit and life-cycle assessment
The environmental comparison is based on 1 kWh of useful hot-water energy delivered to the standardized demand, using the project-level hot-water outputs summarized in Table 2. This distinction is important because the monitoring evaluation separately identifies solar-loop yield and useful hot-water energy. Using the latter as the denominator ensures that collector, storage and distribution losses remain part of the service performance rather than being hidden by normalization to gross solar production.
An attributional LCA was implemented in SimaPro 10.4 using the ecoinvent allocation, cut-off by classification unit-process library. The foreground inventory represents the as-built configurations described in Table 1 and was compiled from on-site measurements, nameplates, component geometry and conservative material proxies where direct mass information was unavailable. A 20-year reference study period is used. The baseline boundary includes component material production, generic metal-working processes, collector or PV-module production, storage, mounting, hydraulic or electrical components, and a thermal-fluid service assumption for the solar-thermal systems. Common research infrastructure, including the container, common monitoring hardware and data acquisition, is excluded because it would not form part of a commercial household installation. Dedicated international transport and end-of-life treatment are not included in the baseline because verified origin and treatment routes were unavailable.
Climate impact is characterized using IPCC 2021 GWP100, while Cumulative Energy Demand (CED, higher-heating-value basis) is used as the embodied-energy indicator. The originally modeled absolute infrastructure burdens are unchanged by the monitoring update. Previously calculated SimaPro intensities, which were normalized to solar-yield values, were therefore re-normalized algebraically to the useful hot-water energies in Table 2. The resulting service-normalized indicators are reported in Figure 4 and Table 3. For a system with life-cycle impact I_life, annual useful heat Q_useful and reference period n, the specific impact is:
I_useful = I_life / (Q_useful × n)     (eq. 1)
The useful-heat energy payback time is calculated from the total life-cycle CED divided by annual useful heat:
EPBT_useful = CED_life / (3.6 × Q_useful)     (eq. 2).
3.2. Techno-economic assessment
No project invoices or final supplier quotations were available. The techno-economic analysis therefore uses explicit engineering estimates and is reported as a scenario rather than as verified procurement cost. The complete assumption set is summarized in Table 4: central installed CAPEX is EUR 1600 for the flat-plate thermosyphon, EUR 1750 for the evacuated-tube system and EUR 1650 for PV2Heat; annual O&M is set to 1% of CAPEX for the solar-thermal systems and 0.5% for PV2Heat. One service or replacement event is assumed in each case, together with a 20-year period and a 5% real discount rate.
The levelized cost of heat (LCOH) is calculated from discounted life-cycle costs and discounted useful hot-water energy:
LCOH = [CAPEX + Σ C_t/(1+r)^t] / [Σ Q_useful,t/(1+r)^t]     (eq. 3)
A ±25% common cost sensitivity is shown around the central estimate in Figure 5 and Table 4. This range is intentionally broad because import duties, shipping, local installer rates and component sourcing were not documented.
Results
The results are presented in the same sequence as the assessment framework: monitored technical performance, environmental indicators, and indicative cost performance.
4.1. Technical performance
The project-level monitoring results summarized in Table 2 and Fig. 2 identify the flat-plate system as the strongest technical performer. It reports 2256 kWh solar yield and 1862 kWh useful hot-water energy, compared with 1373/1058 kWh for the evacuated-tube system and 1652/1243 kWh for PV2Heat. The final project comparison also reports the highest gross-area-specific solar yield for the flat plate (909 kWh m⁻²), followed by the evacuated tube (557 kWh m⁻²) and PV2Heat (319 kWh m⁻²). These source-reported values are used directly rather than recalculated from rounded areas.
The useful-hot-water fraction of reported solar yield is approximately 82.5% for the flat plate, 77.1% for the evacuated tube and 75.2% for PV2Heat (Table 2). The metric is not a formal annual system efficiency because the PV solar-yield period label differs from the hot-water period, but it illustrates the role of storage and distribution losses. The selected-day results in Figure 3 support the annual ranking: the flat plate has the largest advantage under high irradiation, whereas the evacuated-tube collector approaches the flat-plate performance more closely under low irradiation.


4.2. Environmental performance
As shown in Fig. 4 and Table 3, normalization to useful hot-water energy gives GWP100 values of 20.3, 29.6 and 71.5 g CO₂-eq kWh⁻¹ for flat plate, evacuated tube and PV2Heat, respectively. The corresponding CED values are 0.273, 0.413 and 1.131 MJ kWh⁻¹. Thus, the evacuated-tube system has about 46% higher GWP per unit of useful heat than the flat plate, while PV2Heat is approximately 3.5 times higher. The same ranking is obtained for cumulative energy demand.

Fig. 4: Baseline environmental impacts normalized to 1 kWh of useful hot-water energy. The absolute modeled infrastructure impacts are unchanged; only the service denominator is updated to the final project monitoring values.
Tab. 3: Baseline environmental results for a 20-year reference period.
	Indicator
	Flat plate
	Evacuated Tube
	PV2Heat

	GWP100 [g CO₂-eq kWh⁻¹ useful]
	20.35
	29.62
	71.48

	CED [MJ kWh⁻¹ useful]
	0.273
	0.413
	1.131

	Useful-heat EPBT [years]
	1.52
	2.29
	6.28

	Absolute 20-y infrastructure GWP [kg CO₂-eq]
	758
	627
	1777



Table 3 also shows that the evacuated-tube system has a somewhat lower absolute modeled infrastructure GWP than the flat plate, but its lower useful-hot-water output reverses the ranking when the functional service is considered. Contribution-network checks showed that steel and metal working dominate both thermosyphon systems, with aluminium, copper and collector glass as additional contributors. For PV2Heat, photovoltaic-module production is the major driver of the higher cumulative energy demand. Using useful hot-water energy rather than solar-loop yield increases all service-normalized impacts, but it does not change the ranking shown in Figure 4.
4.3. Techno-economic results
Table 4 provides the numerical cost assumptions and LCOH results, while Fig. 5 visualizes the common ±25% cost sensitivity. The central estimates are approximately EUR 0.081 kWh⁻¹ for the flat-plate system, EUR 0.155 kWh⁻¹ for the evacuated-tube system and EUR 0.122 kWh⁻¹ for PV2Heat. The flat plate remains the lowest-cost option across the tested range, whereas the overlapping PV2Heat and evacuated-tube intervals show that procurement conditions could alter their relative economic position more readily than the environmental ranking.
Tab. 4: Baseline environmental results for a 20-year reference period.
	Indicator
	Flat plate
	Evacuated Tube
	PV2Heat

	Estimated installed CAPEX [EUR]
	1600
	1750
	1650

	Annual O&M [EUR a⁻¹]
	16.0
	17.5
	8.25

	Replacement / service
	EUR 120, y10
	EUR 130, y10
	EUR 250, y12

	Useful hot-water energy [kWh a⁻¹]
	1862
	1058
	1243

	Real discount rate / period
	5% / 20 y
	5% / 20 y
	5% / 20 y

	Central LCOH [EUR kWh⁻¹]
	0.081
	0.155
	0.122

	±25% cost sensitivity [EUR kWh⁻¹]
	0.061-0.101
	0.116-0.194
	0.092-0.153





Fig. 4: Baseline environmental impacts normalized to 1 kWh of useful hot-water energy. The absolute modeled infrastructure impacts are unchanged; only the service denominator is updated to the final project monitoring values.
Discussion
This section interprets the technical, environmental, and economic results jointly and distinguishes robust findings from conclusions that remain sensitive to data and boundary assumptions.
5.1. Combined technology comparison
The combined evidence in Figures 2–5 and Tables 2–4 favors the flat-plate thermosyphon for the investigated dedicated domestic-hot-water service. It has the highest project-reported solar yield, useful hot-water output and reported specific solar yield, while simultaneously producing the lowest service-normalized GWP100, CED and estimated LCOH. The finding is physically consistent with the selected-day measurements in Figure 3: under high irradiation, the flat plate shows a substantial efficiency advantage over both alternatives.
The evacuated-tube collector reduces its relative disadvantage under low irradiation, where its lower thermal losses become more relevant. However, this advantage is insufficient to offset its lower annual useful-hot-water output in the present warm, high-irradiation application. The result should therefore not be generalized to colder climates or to applications requiring higher delivery temperatures, where evacuated-tube technology can be more favorable.
PV2Heat has the largest solar collection area and the highest embodied energy in the present model. Its environmental result is consequently least favorable when the sole functional service is domestic hot water. Nevertheless, the heat-only functional unit does not capture several potential advantages of PV: modular electrical installation, possible use of the same PV infrastructure for other electrical loads, and integration into broader electrification or mini-grid strategies. If the PV array provides multiple services, allocation or system expansion would be required and the comparison could shift.
5.2. Methodological implications of the monitoring boundary
A key lesson from the present analysis is that solar-loop yield and useful hot-water energy must not be used interchangeably. Figure 2 and Table 2 explicitly distinguish both quantities. Earlier LCA screening normalized infrastructure impacts to the higher solar-yield values, which is useful for component-level solar conversion but optimistic for a user-service functional unit because storage and distribution losses are excluded from the denominator. Re-normalization to monitored useful hot-water energy raises the GWP and CED intensities by approximately 21% for the flat plate, 30% for the evacuated tube and 33% for PV2Heat. The ranking in Figure 4 remains unchanged, but the revised values are more appropriate for domestic-hot-water service.
The PV monitoring documentation contains one internal period-label inconsistency: the dedicated PV slide labels the 1652 kWh solar-yield aggregation as June 2025-March 2026, whereas the final comparison reports 1652 kWh as the annual comparison value. This paper deliberately does not fabricate missing months or independently re-extrapolate the dataset. Instead, it uses the processed comparison value from the monitoring author and relies on the separately reported April 2025-March 2026 hot-water energy for the functional-unit normalization.
5.3. Comparison with previous work and limitations
The side-by-side architecture addresses a central limitation of earlier comparative studies: climate, load and operating assumptions are shared rather than assembled from separate cases. Buckley et al. (2019) highlighted the context sensitivity of photovoltaic versus solar-thermal water heating in Southern Africa, while Shimhanda et al. (2018) reported an earlier Windhoek comparison. The present work adds a common as-built LCA model and a useful-heat service denominator to that literature.
The main remaining environmental uncertainties are the foreground inventory of the evacuated-tube collector and the absence of verified transport and end-of-life routes. The flat-plate collector mass is constrained by nameplate data, whereas part of the evacuated-tube material split is geometry-based; small fittings, insulation and controller components use engineering proxies. Dedicated international transport and disposal could change the absolute values in Table 3 and Fig. 4, but a reversal of the large PV2Heat-to-flat-plate gap would require materially different boundary assumptions.
The economic assessment is intentionally conservative in its interpretation. The CAPEX values in Table 4 are engineering estimates designed to complete the comparative framework; they are not quotations for the Namibian market. Import duties, shipping, installer availability, mounting work and local component sourcing could materially affect installed cost. Accordingly, Figure 5 should be read as a sensitivity scenario rather than as procurement-grade cost information.
Conclusions
The principal findings are summarized below with emphasis on the harmonized functional basis and the limitations that remain relevant for interpretation.
Three 200 L domestic-hot-water systems were compared side by side at the NUST Science and Technology Park in Windhoek using the author-prepared monitoring evaluation, an as-built LCA and an engineering cost scenario. As summarized in Fig. 2 and Table 2, solar yields are 2256, 1373 and 1652 kWh for flat plate, evacuated tube and PV2Heat, with useful hot-water energies of 1862, 1058 and 1243 kWh and reported gross-area-specific yields of 909, 557 and 319 kWh m⁻², respectively.
Using 1 kWh of useful hot-water energy as the functional unit, Fig. 4 and Table 3 show the lowest baseline impacts for the flat plate at 20.3 g CO₂-eq kWh⁻¹ and 0.273 MJ kWh⁻¹, followed by the evacuated tube at 29.6 g CO₂-eq kWh⁻¹ and 0.413 MJ kWh⁻¹. PV2Heat reaches 71.5 g CO₂-eq kWh⁻¹ and 1.131 MJ kWh⁻¹; useful-heat energy payback times are approximately 1.52, 2.29 and 6.28 years.
Under the assumptions in Table 4, central LCOH values are approximately EUR 0.081, 0.155 and 0.122 per kWh of useful hot water for flat plate, evacuated tube and PV2Heat. Figure 5 shows that cost uncertainty is substantially larger than the monitoring-based technical ranking, while the flat plate remains the lowest-cost option across the common ±25% sensitivity range.
For the investigated dedicated domestic-hot-water application under Windhoek conditions, the flat-plate thermosyphon therefore provides the strongest combined technical, environmental and indicative economic result. The main methodological contribution is the harmonized side-by-side assessment and the explicit separation of solar-loop yield from useful hot-water service. Future work should replace estimated costs with local quotations and extend the environmental model with verified transport and end-of-life scenarios.
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Flat plate	
Flat plate	Evacuated tube	PV2Heat	20.348223415700001	0	0	Evacuated tube	
Flat plate	Evacuated tube	PV2Heat	0	29.620203969799999	0	PV2Heat	
Flat plate	Evacuated tube	PV2Heat	0	0	71.479102815800005	
GWP100 [g CO₂-eq/kWh useful]

Flat plate	
Flat plate	Evacuated tube	PV2Heat	0.27273246829999997	0	0	Evacuated tube	
Flat plate	Evacuated tube	PV2Heat	0	0.41283332849999999	0	PV2Heat	
Flat plate	Evacuated tube	PV2Heat	0	0	1.1309267714	
CED [MJ/kWh useful]

LCOH	Flat plate	Evacuated tube	PV2Heat	8.1000000000000003E-2	0.155	0.122	Estimated LCOH [EUR/kWh useful]
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