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Techno-economic	assessment	of	integrated	floating	photovoltaic	and	
small-scale	pumped	hydro	storage	systems:	

A	case	study	of	the	Te	Mārua	reservoirs	in	Wellington	
	

Kerry	Pep,	Alan	Colin	Brent	
	
Abstract	
The	integration	of	floating	photovoltaic	(FPV)	and	pumped	hydro	storage	(PHS)	systems	
offers	 a	promising	hybrid	 renewable	 energy	 solution,	 particularly	when	 co-located	on	
water	 reservoirs.	 This	 study	 investigates	 the	 technical,	 economic,	 and	 environmental	
feasibility	of	deploying	a	10 MW	FPV	array	with	a	small-scale	10 MW	PHS	system	at	the	
Te	 Mārua	 reservoirs	 in	 Wellington,	 Aotearoa	 New	 Zealand.	 Using	 a	 multidisciplinary	
techno-economic	framework,	the	analysis	combined	site-specific	solar	and	hydrological	
data,	system	modelling,	simulation,	and	financial	assessment	over	a	60-year	horizon.	The	
results	 indicate	 annual	FPV	generation	of	14.4 GWh	and	PHS	 storage	of	100 MWh	per	
cycle,	 with	 complementary	 seasonal	 profiles	 enhancing	 grid	 stability	 and	 renewable	
dispatch.	Financial	metrics	show	FPV	offers	low	Levelised	Cost	of	Energy	(NZ$150/MWh)	
and	 short	 payback,	 while	 PHS	 delivers	 a	 higher	 Net	 Present	 Value	 (NZ$47.7 million)	
through	 energy	 arbitrage.	 Environmental	 and	 social	 considerations	 are	 addressed	
through	conservative	array	coverage	and	stakeholder	engagement.	The	study	provides	a	
replicable	framework	for	hybrid	FPV-PHS	deployment	on	similar	reservoirs,	supporting	
energy	resilience	and	decarbonisation	objectives.	
	
Keywords:	Floating	photovoltaic;	Pumped	hydro	energy	storage;	Pumped	hydro	storage	
co-location;	Hybrid	renewable	systems;	Te	Mārua	reservoirs.	
	
1. Introduction	
The	increasing	urgency	to	address	climate	change	and	energy	security	has	accelerated	the	
global	transition	toward	renewable	energy	systems.	Countries	are	increasingly	seeking	
integrated	solutions	that	combine	renewable	generation	with	energy	storage	to	manage	
variability	and	ensure	system	resilience.	Aotearoa	New	Zealand	(NZ),	despite	its	already	
high	 share	 of	 renewable	 electricity	 generation,	 is	 entering	 a	 critical	 phase	 in	 its	 low-
carbon	transition	as	electrification	of	transport	and	heating	places	growing	pressure	on	
existing	energy	infrastructure	(MBIE,	2023).	This	creates	a	need	for	flexible,	scalable,	and	
locally	deployable	energy	storage	solutions.	
	
Among	 emerging	 renewable	 technologies,	 floating	 photovoltaic	 (FPV)	 systems	 and	
pumped	hydro	storage	(PHS)	represent	two	promising	yet	underutilised	options	within	
the	NZ	context.	FPV	systems	enable	solar	electricity	generation	on	the	surface	of	existing	
water	bodies,	reducing	land-use	conflicts	and	offering	additional	benefits	such	as	reduced	
evaporation	and	improved	module	efficiency	(Oliveira-Pinto	and	Stokkermans,	2020).	
	
The	 integration	 of	 FPV	 with	 PHS	 is	 particularly	 relevant	 for	 energy	 systems	 with	
increasing	shares	of	intermittent	renewable	generation.	Excess	solar	energy	or	surplus	
off-peak	grid	energy	can	be	used	to	pump	water	to	an	upper	reservoir	during	periods	of	
low	demand	or	high	generation,	while	stored	water	can	be	released	to	generate	electricity	
during	peak	demand	periods.	This	is	especially	relevant	in	Wellington,	where	local	grid	
constraints	and	price	volatility	create	opportunities	for	distributed	storage.	
	
The	 Te	 Mārua	 reservoirs	 in	 Upper	 Hutt,	 Wellington,	 represent	 a	 unique	 and	 largely	
unexplored	opportunity	to	examine	the	feasibility	of	integrating	small-scale	PHS	with	FPV	
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within	existing	council	infrastructure.	As	a	critical	drinking	water	supply	asset	located	in	
a	 region	with	 variable	 renewable	 energy	 availability	 and	 growing	 urban	 demand,	 the	
reservoirs	 provide	 a	 real-world	 testbed	 for	 evaluating	 how	 hybrid	 renewable	 energy	
systems	can	contribute	to	regional	energy	resilience.	In	addition	to	electricity	generation	
and	 storage,	 co-location	 of	 FPV	 on	water	 reservoirs	may	 support	water	management	
objectives	by	reducing	evaporation	and	enhancing	drought	resilience,	while	maintaining	
the	primary	function	of	the	asset.	
	
This	research	is	motivated	by	the	convergence	of	several	challenges	and	opportunities,	
including	 the	 increasing	 penetration	 of	 intermittent	 renewables,	 constraints	 on	 land	
availability	for	solar	deployment	in	urban	areas,	and	the	need	to	enhance	the	flexibility	
and	 resilience	 of	 decentralised	 energy	 systems.	 The	 study	 aligns	 with	 national	 and	
regional	 policy	 objectives	 aimed	 at	 increasing	 renewable	 energy	 uptake,	 reducing	
greenhouse	 gas	 emissions,	 and	 supporting	 energy	 system	 transformation	 (MfE,	 2023;	
GRWC,	2024).	By	focusing	on	a	real-world	municipal	asset,	the	research	seeks	to	bridge	
the	 gap	 between	 theoretical	 system	 modelling	 and	 practical	 implementation	
considerations.	
	
1.1. Objective	of	the	paper	
The	objective	of	this	paper	is	to	assess	the	techno-economic	feasibility	of	 integrating	a	
small-scale	FPV	and	PHS	system	within	the	existing	Te	Mārua	reservoirs	infrastructure	in	
Wellington,	Aotearoa	New	Zealand.	This	study	specifically	aims	to:	
• develop	a	site-specific	techno-economic	model;	
• evaluate	system	performance	under	representative	operating	scenarios;	
• examine	associated	capital	and	operational	costs;	and	
• identify	key	 technical,	environmental,	and	 infrastructural	constraints	 influencing	

system	viability.	
	

Through	this	assessment,	the	paper	seeks	to	provide	practical	insights	into	the	potential	
role	 of	 small-scale	 FPV-PHS	 systems	 in	 Aotearoa	 New	 Zealand	 and	 similar	 council	
contexts.	
	
2. Literature	review	
This	section	reviews	the	theoretical	foundations	and	key	scholarly	contributions	related	
to	 FPV	 systems,	 PHS,	 and	 their	 integrated	 application.	 The	 review	 focuses	 on	 system	
configurations,	 performance	 characteristics,	 and	 techno-economic	 evaluation	
approaches,	with	particular	attention	to	the	relevance	of	hybrid	FPV-PHS	systems	in	site-
specific	and	small-scale	contexts.	The	section	concludes	by	identifying	gaps	in	the	existing	
literature	that	motivate	the	present	study.	
	
2.1. Floating	photovoltaic	(FPV)	systems	
Floating	 photovoltaic	 (FPV)	 systems	 involve	 the	 deployment	 of	 photovoltaic	 (PV)	
modules	on	the	surface	of	water	bodies	rather	than	on	land	(Mehra,	2022).		FPV	systems	
can	be	classified	according	to	the	type	of	water	body	and	system	configuration,	including	
artificial	water	 bodies	 such	 as	man-made	 reservoirs,	 industrial	 or	 agricultural	 ponds;	
natural	 lakes	 and	 ponds;	 ocean/offshore	 installations;	 hybrid	 FPV-hydropower	 co-
located	systems;	dual-use	applications	over	aquaculture	ponds;	canal-top	FPV;	and	small-	
or	large-scale	utility	systems	(Rossow,	2022;	Yusuf,	2024).	
	
FPV	systems	are	typically	mounted	on	buoyant	platforms	and	anchored	to	the	reservoir	
bed	 or	 shoreline	 to	 accommodate	 wind	 loading	 and	 water-level	 fluctuations.	 Most	
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installations	employ	modular	pontoon-based	structures	manufactured	from	high-density	
polyethylene	(HDPE),	which	offer	flexibility,	scalability,	and	proven	durability	for	inland	
waters,	 while	 specialised	 marine-grade	 floats	 and	 anchoring	 systems	 are	 used	 for	
ocean/offshore	sites.	Less	common	configurations	include	membrane-based	FPV	systems	
and	 tracking-enabled	FPV	designed	 to	optimise	solar	capture	at	 the	expense	of	higher	
mechanical	complexity	and	cost	(Rossow,	2022;	Yusuf,	2024).	
	

	
Figure	1.	Schematic	view	of	a	typical	FPV	system	and	its	main	components	
(Source:	Sahu	et	al.,	2016)	

FPV	systems	provide	an	attractive	alternative	to	land-based	PV	installations,	particularly	
in	regions	where	land	availability	is	constrained	or	where	competing	land-use	priorities	
exist.	The	benefits	of	FPV	extend	across	different	system	types,	including	reduced	water	
evaporation,	improved	water-use	efficiency,	and	enhanced	module	performance	due	to	
the	cooling	effect	of	the	underlying	water	body.	These	advantages	make	FPV	particularly	
relevant	 for	 drinking	water	 reservoirs	 and	 other	managed	water	 assets	 (Trapani	 and	
Redón	Santafé,	2014;	Oliveira-Pinto	and	Stokkermans,	2020).	
	
Despite	 these	 advantages,	 FPV	 systems	 face	 a	 range	 of	 technical,	 economic,	 and	
environmental	challenges.	Capital	costs	are	typically	higher	than	ground-mounted	PV	due	
to	 floating	 structures,	 anchoring	 systems,	 and	 FPV-specific	 balance-of-system	
components	 (see	 Figure	 2).	 Engineering	 complexity	 related	 to	 mooring	 design,	
maintenance	 access,	 and	 long-term	 structural	 durability	 must	 also	 be	 addressed,	
particularly	for	drinking	water	reservoirs	where	water	quality	and	public	acceptance	are	
critical	considerations.	Environmental	impacts	on	aquatic	ecosystems	and	visual	amenity	
remain	important	factors	influencing	FPV	deployment,	especially	in	urban	and	peri-urban	
settings	(Cazzaniga	et	al.,	2021).	
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Figure	2.	U.S.	installed	cost	breakdown	for	a	10MWDC	FPV	system	relative	to	ground-
mounted	 PV	 system,	 illustrating	 that	 the	 structural	 balance-of-system	 (SBOS)	
requirements	account	for	the	majority	of	FPV	expenditure	
(Source:	NREL,	2022)	
	
International	case	studies	demonstrate	the	technical	feasibility	and	growing	commercial	
maturity	of	FPV	systems.	Large-scale	installations	in	countries	such	as	China,	Japan,	and	
India	 have	 shown	 stable	 performance	 over	 multiple	 years.	 Notable	 examples	 include	
hybrid	FPV-hydro	systems	 in	 Japan	and	utility-scale	projects	 in	Anhui	Province,	China	
(13.7	MW),	which	have	provided	operational	insights	for	pontoon-based	designs	in	calm	
inland	waters	 (IRENA,	2023;	Rossow,	2022).	 In	contrast,	FPV	deployment	 in	Aotearoa	
New	Zealand	 remains	 limited.	 To	date,	 only	 one	 commercial	 FPV	 installation	 exists:	 a	
small-scale	pontoon-based	system	at	the	Rosedale	Water	Treatment	Plant	in	Auckland,	
managed	by	Watercare	Services	Limited.	This	project	represents	NZ’s	first	application	of	
FPV	integrated	into	council	water	infrastructure.	
	
Recent	research	has	begun	to	explore	the	FPV	potential	within	the	NZ	context.	Feasibility	
studies	at	Maraetai	Dam	and	Lake	Tekapo	 indicate	site-specific	energy	yields	between	
1,115	and	1,497	kWh/kWp,	but	highlight	high	installation	costs	as	a	barrier	(Brent	et	al.,	
2023;	 Yusuf,	 2024).	 These	 findings	 underscore	 the	 opportunities	 for	 FPV	 deployment	
while	demonstrating	 the	need	 for	 locally	 informed	research	 to	 improve	cost-efficiency	
and	support	broader	adoption	of	FPV	technologies.	
	
2.2. Pumped	hydro	storage	(PHS)	systems	
Pumped	hydro	storage	(PHS)	systems	store	energy	by	transferring	water	between	two	
reservoirs	at	different	elevations	(U.S.	Department	of	Energy,	2023).	During	periods	of	
high	electricity	demand,	water	is	released	from	the	upper	reservoir	to	the	lower	reservoir	
through	 a	 turbine	 to	 generate	 electricity.	 During	 periods	 of	 low	 demand	 or	 surplus	
generation,	the	system	operates	in	reverse,	pumping	water	back	to	the	upper	reservoir.	
PHS	systems	are	commonly	classified	as	open-loop	or	closed-loop,	depending	on	 their	
hydraulic	 connection	 to	 natural	 waterways	 (see	 Figure	 3).	 Open-loop	 systems	 are	
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connected	to	rivers	or	lakes,	while	closed-loop	systems	operate	largely	independently	of	
natural	hydrological	flows.	Beyond	these	primary	categories,	PHS	technologies	can	also	
be	 categorised	 according	 to	 operational	 cycles	 and	 reservoir	 configurations.	 These	
include	pump-back	systems	integrated	with	existing	hydropower	dams,	hourly	and	daily	
PHS	 designed	 for	 short-term	 grid	 balancing,	 weekly	 and	 seasonal	 PHS	 intended	 for	
longer-duration	 storage,	 and	 rare	 pluriannual	 systems	 capable	 of	 multi-year	 storage	
(Papadakis	et	al.,	2023).	Additional	specialised	forms—such	as	underground	PHS	using	
former	mines,	seawater	PHS	utilising	the	ocean	as	a	lower	reservoir,	and	hybrid	systems	
powered	 by	 co-located	 renewable	 energy—reflect	 the	 growing	 diversity	 of	 PHS	
applications	and	siting	possibilities	(Papadakis	et	al.,	2023).	
	

	
Figure	3.	Two	common	classifications	of	PHS	systems	
(Source:	National	Hydropower	Association,	2024).		
	
Global	hydropower	growth	 is	notable,	with	 installed	 capacity	 rising	 from	1,210 GW	 in	
2015	to	1,425 GW	in	2024,	highlighting	its	continued	expansion	relative	to	wind	and	solar	
(IRENA,	2024).	While	this	figure	does	not	distinguish	conventional	from	pumped	storage,	
it	contextualises	the	scale	of	 infrastructure	supporting	PHS	deployment	(see	Figure	4).	
PHS	remains	the	dominant	form	of	large-scale	energy	storage,	accounting	for	over	94 %	
of	installed	storage	capacity	when	excluding	conventional	hydropower	dams	(IHA,	2025).	
This	dominance	reflects	the	widespread	deployment	of	large-scale	open-loop	facilities	in	
regions	with	 favourable	 topography.	PHS	systems	offer	high	round-trip	efficiency	(70-
90 %),	long	operational	lifespans,	and	rapid	response	to	grid	demand	fluctuations	(Pérez-
Díaz	et	al.,	2015),	making	 them	particularly	effective	 for	balancing	variable	renewable	
sources	such	as	solar	and	wind.	
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Figure	4.	Global	installed	renewable	power	capacity	(2015–2024)	for	wind,	solar,	
and	hydropower	
(Source:	IRENA,	2024)	
	
However,	 traditional	 large-scale	PHS	systems	require	 specific	geographical	 conditions,	
including	 substantial	 elevation	differences	 and	proximity	 to	water	bodies,	which	have	
historically	limited	deployment.	In	contrast,	small-scale	and	modular	PHS	systems	offer	
greater	siting	flexibility	and	can	integrate	with	existing	infrastructure,	such	as	municipal	
water	reservoirs.	These	systems	are	often	closed-loop,	reducing	environmental	 impact	
while	expanding	deployment	potential	in	non-traditional	settings.	
	
Recent	research	highlights	modular	PHS	designs	using	standardised	electro-mechanical	
components	and	adaptable	civil	works,	enabling	sites	with	modest	elevation	differences	
(Dai	et	al.,	2019).	These	configurations	broaden	viable	PHS	options,	especially	in	regions	
without	mountainous	topography,	underscoring	the	relevance	of	small-scale,	closed-loop,	
and	hybrid	systems	for	municipal	reservoirs.	Small-scale	PHS	thus	extends	the	benefits	of	
pumped	storage	to	contexts	previously	unsuitable	for	conventional	deployment.	
	
2.3.  Integrated	FPV-PHS	systems	
The	integration	of	FPV	and	PHS	systems	represents	a	hybrid	energy	model	that	leverages	
the	complementary	strengths	of	both	technologies.	FPV	systems	can	supply	renewable	
electricity	 to	 power	 pumping	 operations	 during	 daylight	 hours,	 while	 PHS	 provides	
dispatchable	 energy	 storage	 to	 support	 electricity	 generation	 during	 peak	 demand	 or	
periods	of	low	renewable	output	(Zhang	et	al.,	2025).	Shared	use	of	reservoirs,	electrical	
connections,	and	civil	infrastructure	can	reduce	overall	project	costs	and	environmental	
footprints.	
	
Several	studies	have	modelled	the	techno-economic	performance	of	integrated	FPV-PHS	
systems.	Cazzaniga	et	al.	 (2021)	conducted	a	simulation-based	assessment	of	a	hybrid	
FPV-PHS	 plant	 in	 southern	 Europe	 and	 reported	 LCOE	 values	 competitive	 with	 grid-
connected	 solar	 and	wind	 generation.	 The	 study	 also	 demonstrated	 improved	 energy	
reliability	during	evening	and	night-time	periods	when	solar	generation	is	unavailable.	
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Additional	 research	 from	South	Korea	and	 India	has	 shown	 that	FPV-PHS	hybrids	can	
support	 microgrids	 and	 enhance	 energy	 resilience	 in	 remote	 or	 constrained	 settings	
(Momodu	and	Big-Alabo,	2024;	Kumar	et	al.,	2024).	
	
Despite	 these	promising	 results,	much	of	 the	 existing	 literature	 focuses	on	 large-scale	
systems	 or	 assumes	 idealised	 site	 conditions.	 Small-scale	 FPV-PHS	 configurations,	
particularly	those	integrated	into	existing	public	infrastructure	such	as	municipal	water	
reservoirs,	remain	under-represented	in	published	studies.	This	limits	the	transferability	
of	findings	to	urban	and	peri-urban	contexts	where	infrastructure	constraints,	regulatory	
considerations,	and	multi-use	asset	management	are	critical.	
	
2.4. Techno-economic	evaluation	frameworks	
Techno-economic	 evaluation	plays	 a	 central	 role	 in	 assessing	 the	 viability	 of	 FPV-PHS	
hybrid	systems.	Common	evaluation	frameworks	consider	capital	expenditure	(CAPEX),	
operational	expenditure	(OPEX),	system	efficiency,	operational	lifespan,	environmental	
impacts,	and	relevant	policy	and	regulatory	factors.	Simulation	tools	such	as	HOMER	Pro,	
MATLAB/Simulink,	 RETScreen,	 and	 Excel-based	 models	 are	 frequently	 employed	 to	
model	system	performance	and	financial	outcomes.	
	
Key	performance	indicators	used	in	FPV-PHS	evaluations	include	levelized	cost	of	energy	
(LCOE),	net	present	value	(NPV),	internal	rate	of	return	(IRR),	payback	period,	and	cost–
benefit	analysis	(CBA).	Sensitivity	analysis	is	widely	applied	to	assess	the	influence	of	key	
variables	such	as	energy	prices,	solar	irradiance,	reservoir	capacity,	and	pump–turbine	
efficiency	on	system	performance	and	economic	viability	(Hernández-Callejo	et	al.,	2019).	
	
Recent	 studies	 emphasise	 the	 importance	 of	 electricity	market	 structures	 and	 pricing	
mechanisms	 in	 determining	 storage	 system	 feasibility.	 Bamoshmoosh	 et	 al.	 (2024)	
demonstrated	strong	sensitivity	of	FPV-PHS	system	performance	 to	 time-of-use	 tariffs	
and	wholesale	price	peaks,	while	Concept	Consulting	(2022)	highlighted	the	growing	role	
of	 ancillary	 service	 markets	 in	 decentralised	 electricity	 systems.	 In	 the	 NZ	 context,	
electricity	price	volatility	driven	by	hydrological	variability,	renewable	intermittency,	and	
limited	 storage	 capacity	 further	 reinforces	 the	 potential	 value	 of	 dispatchable	 storage	
solutions.	
	
Accurate	techno-economic	modelling	remains	challenging	due	to	the	limited	availability	
of	 site-specific	 cost	 and	 performance	 data,	 particularly	 for	 emerging	 hybrid	 systems.	
Nevertheless,	datasets	from	organisations	such	as	Transpower,	NIWA,	and	MBIE	provide	
suitable	proxies	for	system	modelling	within	NZ	(MBIE,	2023;	NIWA,	2024;	Transpower,	
2025).	Applying	these	frameworks	to	real-world	sites	such	as	the	Te	Mārua	reservoirs	
offers	an	opportunity	to	generate	context-specific	insights	into	feasibility	and	scalability.	
	
2.5. Identified	gaps	in	literature	
Although	FPV	and	PHS	 technologies	 are	well	 established	 individually,	 their	 integrated	
application	 at	 small	 scales	 remains	 underexplored.	 Existing	 FPV-PHS	 studies	
predominantly	examine	large	hydropower	reservoirs	or	theoretical	configurations	that	
do	not	reflect	the	operational	constraints	of	local	water	infrastructure	(Luo	et	al.,	2015;	
Blakers	 et	 al.,	 2017).	 No	 published	 research	 evaluates	 FPV-PHS	 integration	 within	
drinking	 water	 reservoirs,	 despite	 their	 stable	 water	 levels,	 controlled	 access,	 and	
existing	 civil	works.	 A	 structured	 summary	 of	 key	 international	 FPV-PHS	 studies	 and	
current	pilot	deployments	is	provided	in	the	Supplementary	Material	to	support	this	gap	
assessment.	
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Key	gaps	identified	include:	
• Limited	research	on	small-scale	(<10	MW)	FPV-PHS	systems;	
• Absence	of	studies	on	municipal	drinking	water	reservoirs;	
• Lack	of	cost	and	performance	data	for	small-scale	PHS;	and	
• Minimal	NZ-specific	techno-economic	modelling	of	hybrid	systems.	
	
These	gaps	highlight	the	need	for	site-specific	assessments	that	consider	the	technical,	
economic,	environmental,	and	operational	constraints	of	municipal	water	assets.		
	
3. Research	method	
This	study	applied	a	multidisciplinary	techno-economic	assessment	(TEA)	framework	to	
evaluate	the	feasibility	of	integrating	floating	photovoltaic	(FPV)	systems	with	small-scale	
pumped	hydro	storage	(PHS).	The	methodology	combined	data	analysis,	system	design	
modelling,	simulation,	and	financial	analysis	to	capture	both	the	technical	and	economic	
dimensions	of	the	proposed	system.	
	
3.1. Site	and	data	analysis	
Comprehensive	 data	 collection	 at	 this	 site	 provided	 the	 foundation	 for	 both	 technical	
modelling	 of	 the	 integrated	 FPV-PHS	 system	 and	 its	 accompanying	 techno-economic	
assessment.	The	data	encompassed	multiple	dimensions—technical,	solar,	hydrological,	
economic,	and	operational—ensuring	a	holistic	understanding	of	system	feasibility	and	
performance.	
	
3.1.1. Technical	data	
A	site	visit	to	the	Te	Mārua	reservoirs	(Stuart	Macaskill	Lakes)	was	conducted	to	capture	
the	physical	and	operational	characteristics	relevant	to	system	modelling.	Observations	
were	structured	into	qualitative	and	quantitative	datasets.	
	
Qualitative	sbservations:	
• Water	surface	conditions	and	seasonal	fluctuations.	
• Vegetation	and	biodiversity	along	reservoir	margins.	
• Environmental	and	social	sensitivities	affecting	FPV	deployment.	
• Accessibility	for	construction	and	maintenance.	
• Proximity	to	transmission	and	distribution	infrastructure.	
• Anchoring	considerations	for	floating	PV	arrays.	
	
Quantitative	metrics:	
• Combined	reservoir	capacity:	~3,300	ML.	
• Surface	area:	~14-18	ha	per	reservoir	(~31	ha	total).	
• Maximum	lake	depth:	~16	m.	
• Elevation:	~300	m	above	sea	level,	with	~160-165	m	differential	between	upper	

proposed	basin	and	the	lower	existing	basin.	
• Seasonal	water-level	variations,	incorporated	into	FPV	array	sizing	and	PHS	head	

calculations.	
	
These	site-based	observations	and	metrics	complemented	secondary	data	from:	
• Wellington	Water	(GWRC,	2022):	this	included	structural	details	of	the	reservoirs,	

usable	surface	areas,	and	relevant	constraints	associated	with	their	role	in	potable	
water	storage	and	supply.	
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• Photovoltaic	System	Software	(PVsyst.):	PV	simulation	software	used	to	obtain	site-
specific	 solar	 resource	parameters,	 including	 long-term	 irradiance	data,	ambient	
temperature	profiles,	and	system	performance	assumptions.	

	
These	 inputs	 were	 essential	 for	 calibrating	 reservoir	 dynamics	 and	 evaluating	 the	
potential	performance	of	FPV	installations.	
	
3.1.2. Solar	data	
High-resolution	 solar	 irradiance	 data	were	 obtained	 from	 PVsyst	 and	 compared	with	
NIWA’s	 SolarView	 (NIWA,	 2024)	 and	 SolarGIS	 (SolarGIS,	 2025.),	 all	 of	 which	 provide	
hourly	and	seasonal	solar	radiation	profiles.	These	datasets	enabled	accurate	simulation	
of	photovoltaic	generation	under	the	specific	geographic	and	climatic	conditions	of	the	Te	
Mārua	site,	capturing	both	diurnal	and	seasonal	variability.	
	
3.1.3. Hydrological	data	
Hydrological	datasets	were	provided	by	Wellington	Water	(GRWC,	2024),	covering:	
• Reservoir	geometry	and	storage	capacity	parameters.	
• Seasonal	inflow	and	outflow	patterns.	
• Operational	constraints	linked	to	drinking	water	supply	and	treatment	processes.	
• Historical	water	usage	profiles	and	drought	response	protocols.	

	
These	 data	were	 critical	 for	modelling	 the	 PHS	 subsystem,	 particularly	 for	 estimating	
usable	storage	head,	round-trip	efficiency,	and	the	operational	limits	of	reservoir	cycling.	
	
3.1.4. Economic	data	
The	economic	assessment	incorporated	multiple	national	and	international	data	sources	
to	ensure	realistic	cost	and	revenue	modelling:	
1) Technology	Cost	Benchmarks:	Capital	and	operational	expenditure	estimates	 for	

FPV	and	PHS	technologies	were	sourced	from	the	International	Renewable	Energy	
Agency	(IRENA,	2012;	2025a;	2025b).	

2) National	 and	 Regional	 Energy	 Pricing:	 Wholesale	 and	 retail	 electricity	 pricing	
structures	 were	 obtained	 from	 Transpower	 and	 Meridian	 Energy	 (the	 primary	
electricity	retailer	in	the	Wellington	region)	(Meridian	Energy,	2024;	Transpower,	
2023;	Transpower,	2024).	

3) Financial	 and	 Investment	 Parameters:	 Reports	 from	 the	 Ministry	 of	 Business,	
Innovation	and	Employment	(MBIE)	provided	discount	rates,	cost	of	capital,	and	
renewable	 energy	 investment	 benchmarks	 (The	 Treasury,	 2015;	 MBIE,	 2024a;	
MBIE,	2024b).	

4) Environmental	 Valuation:	 The	 New	 Zealand	 Emissions	 Trading	 Scheme	 (ETS)	
supplied	 carbon	 pricing	 values,	which	were	 incorporated	 into	 the	 estimation	 of	
emission	offset	benefits	from	renewable	energy	generation	(MfE,	2024).	

5) Academic	 and	 Industry	 Literature:	 Comparative	 case	 studies	 of	 FPV	 and	 PHS	
projects	 in	 similar	 geographies	 were	 reviewed	 to	 validate	 assumptions	 and	
benchmark	 financial	 modelling	 (Domakonda	 and	 Farooq	 2023;	 Mamatha	 &	
Kulkarni	2022;	Spencer	et	al.	2019;	Liu	et	al.,	2019).	

	
3.2. System	design	modelling	and	simulation	
	
3.2.1. Floating	photovoltaic	(FPV)	array	modelling	
The	FPV	system	was	sized	according	 to	 the	usable	water	surface	area	of	 the	 lower	Te	
Mārua	 reservoir,	 considering	 seasonal	 water	 level	 fluctuations	 and	 anchoring	
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requirements.	Solar	irradiance	and	temperature	data	were	sourced	from	PVsyst	database	
(see	Supplementary	Material).	These	datasets	were	used	to	construct	solar	generation	
profiles,	 adjusted	 for	 panel	 efficiency,	 tilt	 orientation,	 and	 degradation	 rates	 over	 the	
project	 lifetime.	 In	 this	 way,	 the	 model	 reflects	 the	 long-term	 performance	 of	 FPV	
generation	under	real-world	conditions.	
	
3.2.2. Pumped	hydro	storage	(PHS)	modelling	
The	PHS	system	was	designed	around	the	elevation	gradient	between	the	existing	lower	
reservoirs	and	proposed	upper	reservoir.	Headroom	constraints	and	minimum	ecological	
water	 levels,	 as	 specified	 by	Wellington	Water,	 were	 incorporated	 to	 ensure	 that	 the	
model	respected	operational	and	environmental	requirements.	Turbine-pump	efficiency	
values,	based	on	 international	benchmarks	 for	 small-scale	PHS	systems,	were	applied.	
The	 system	 was	 configured	 to	 operate	 in	 charging	 mode	 during	 daytime	 generation	
surpluses	and	in	discharge	mode	during	evening	and	morning	peak	demand.	This	dual	
operation	captures	the	balancing	role	of	PHS	in	enhancing	renewable	energy	penetration.	
	
3.3. Techno-economic	analysis	
	
3.3.1. Energy	generation	and	storage	potential	
FPV	generation:	
The	FPV	array	produces	a	modelled	energy	of	14,437	MWh/year,	with	seasonal	variation	
driven	by	irradiance,	tilt,	and	DC/AC	conversion	behaviour.	The	array	configuration,	with	
a	 10°	 tilt	 angle	 and	0°	 azimuth	 (due	north-facing),	 is	 optimised	 for	Wellington’s	 solar	
resource.	
	
PHS	storage	and	generation:	
The	 PHS	 component	 provides	 300	 MWh	 of	 storage,	 corresponding	 with	 a	 10-hour	
pumping	and	generation	schedule.	Under	full-cycle	operation,	the	PHS	system	can	deliver	
36,500	MWh/year.	
	
3.3.2. Efficiency	and	performance	metrics	
FPV	System	Efficiency:	
FPV	 performance	 incorporates	 losses	 from	 temperature	 derating,	 soiling,	 inverter	
conversion,	and	cabling.	With	a	DC/AC	ratio	of	1.2,	system	losses	are	estimated	at	8%.	The	
expected	 performance	 ratio	 (PR)	 is	 0.75-0.85,	 affected	 by	 panel	 tilt,	 north-facing	
orientation,	and	seasonal	irradiance	variation.	
	
PHS	system	efficiency:	
The	PHS	system	exhibits	a	round-trip	efficiency	of	80%	(Pérez-Díaz	et	al.	2015;	Rehman	
et	 al.,	 2015),	 accounting	 for	 pump/turbine	 and	 electrical	 losses.	 Francis	 turbine	
performance	 varies	with	 head,	 with	 the	 net	 head	 of	 160	m	 enabling	 high	 conversion	
efficiency.	Hydraulic	losses	are	mitigated	by	the	favourable	0.16	head-to-length	ratio.	
	
Seasonal	and	grid	sensitivity:	
FPV	output	peaks	 in	 summer	while	PHS	 contributes	more	 significantly	during	winter,	
stabilising	seasonal	supply.	Reservoir	level	variations	influence	PHS	turbine	output.	Grid	
constraints	(including	curtailment	and	voltage	limitations)	affect	dispatch	timing	and	net	
yield.	
	
3.3.3. Grid	integration	and	stability	
Connection	and	configuration:	
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Both	 FPV	 and	 PHS	 systems	 utilise	 shared	 grid-connection	 infrastructure,	 with	
transformer	 sizing	 aligned	 to	 10	 MW	 capacity.	 The	 grid-tie	 configuration	 supports	
bidirectional	flow	for	PHS	and	unidirectional	export	from	FPV.	
Curtailment	and	stability	risks:	
Curtailment	 risk	 for	 FPV	 is	 low	 due	 to	 the	moderate	 DC/AC	 ratio	 and	 the	 generation	
profile	of	reservoir-based	deployment.	Voltage	stability	is	supported	by	inverter	reactive	
power	capability	and	the	synchronous	generation	characteristics	of	the	PHS	turbine.	
	
PHS	grid	services:	
The	PHS	system	contributes	 frequency	regulation,	spinning	reserve,	and	peak	shaving.	
Pumping	 cycles	 are	 scheduled	 during	 off-peak	 periods,	 enabling	 absorption	 of	 excess	
renewable	generation.	
	
Hybrid	contribution	to	grid	resilience:	
The	combined	FPV-PHS	system	smooths	renewable	variability,	supports	grid	balancing,	
and	enhances	 regional	 reliability.	Seasonal	 complementarity	 reduces	 reliance	on	 fossil	
generation.	The	integration	strategy	aligns	with	Transpower	operational	standards	and	
contributes	to	decarbonisation	goals	(Transpower,	2025).	
	
3.3.4. Financial	metrics	
A	project	horizon	of	60	years	was	adopted,	reflecting	both	the	expected	 lifespan	of	PV	
modules	(second	lifespan)	and	the	durability	of	hydropower	infrastructure.	Three	core	
financial	metrics	were	used	to	evaluate	project	viability,	with	 their	general	calculation	
methods	outlined	below:	
• Levelized	Cost	of	Energy	(LCOE)	–	Calculated	using	Excel,	as	it	enables	simple	and	

transparent	 incorporation	of	capital	costs,	operational	expenses,	system	lifetime,	
and	generation	outputs.	
	

𝐿𝐶𝑂𝐸 = 	
𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝐶𝑜𝑠𝑡	($) + 𝑂&𝑀	($ 𝑦𝑒𝑎𝑟) 	× 	𝑃𝑉𝐴𝐹⁄

𝐴𝑛𝑛𝑢𝑎𝑙	𝐸𝑛𝑒𝑟𝑔𝑦	𝑂𝑢𝑡𝑝𝑢𝑡	(𝑘𝑊ℎ 𝑦𝑒𝑎𝑟) 	× 	𝑃𝑉𝐴𝐹⁄ 	 (1)	

	
• Net	 Present	 Value	 (NPV)	 –	 Also	 calculated	 in	 Excel	 to	 assess	 investment	

performance	 over	 the	 60-year	 project	 horizon,	 incorporating	 cash	 inflows,	
outflows,	and	discount	rates.	
	

𝑁𝑃𝑉	 =EF
𝐸𝑞𝑢𝑖𝑡𝑦	𝑐𝑎𝑠ℎ	𝑓𝑙𝑜𝑤

(1 + 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛	𝑟𝑎𝑡𝑒)!"
− 𝐶𝐴𝑃𝐸𝑋	N

!"#$

!"#%

	 (2)	

	
• Internal	Rate	of	Return	(IRR)	–	The	effective	internal	rate	of	return	achieved	by	the	

investment—that	is,	the	discount	rate	at	which	project	NPV	equals	zero	and	which	
must	exceed	the	required	return	to	be	financially	viable.	

	

0 =P
𝐶&

(1 + 𝑟)&

$

&#'

	 (3)	

	
Microsoft	 Excel	 was	 the	 most	 appropriate	 software	 due	 to	 its	 accessibility,	 ease	 of	
sensitivity	testing,	and	its	suitability	for	presenting	financial	outcomes	clearly.		
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3.3.5. Sensitivity	analysis	
A	sensitivity	analysis	 is	essential	 for	understanding	 the	robustness	of	each	 technology	
under	 uncertainty,	 identifying	 the	 parameters	 that	 most	 strongly	 influence	 financial	
performance,	and	assessing	how	seasonal	and	market	dynamics	shape	long	term	viability.		
Key	variables	included:	
• FPV	degradation	rate	(0.05-1%	annually),	
• PHS	round-trip	efficiency	(75-85%),	
• Discount	rate	(4-7%),	and	
• Feed-in	tariff	fluctuations	(±20%).	
	
The	analysis	isolates	one	variable	at	a	time	while	holding	others	constant,	ensuring	clear	
interpretation	of	each	parameter’s	effect.	Error!	Reference	source	not	found.	provides	
a	summary	of	the	sensitivity	drivers	for	the	FPV	and	PHS	components.	Furthermore,	FPV	
and	PHS	are	compared	 to	highlight	 their	 complementary	roles	within	a	hybrid	energy	
system.	
	
Table	1.	Summary	of	sensitivity	drivers	for	FPV	and	PHS	

	

Parameter / 
Driver FPV Sensitivity PHS Sensitivity Interpretation 

Revenue Basis Fixed PPA tariff 
Arbitrage between 
low off-peak and high 
peak prices 

FPV = tariff-driven; PHS = 
spread-driven 

Most Influential 
Variable PPA price  Off-peak pumping 

price  
PHS is far more sensitive to 
market conditions 

CAPEX High influence  Moderate influence 
FPV is dominated by 
upfront cost; PHS is 
dominated by spreads 

OPEX 
Moderate 
influence, 
stronger over 60 
years 

Low–moderate 

FPV accumulates OPEX 
over a long life; PHS OPEX 
is small relative to arbitrage 
revenue 

Energy Yield High influence 
Round-trip efficiency 
is embedded but less 
dominant 

FPV yield is a primary 
revenue driver 

Discount rate 
Strong effect on 
NPV; IRR 
unchanged 

Moderate effect on 
NPV; IRR 
unchanged 

Long-life assets are highly 
exposed to discounting 

Seasonal 
Behaviour 

Summer-domina
nt (irradiance) 

Winter-dominant 
(price spreads) Opposite seasonal profiles 

Extreme 
Upside Case 

High PPA or 
high yield 

Summer minimum 
price ($0.72/MWh) → 
NPV $136M 

PHS has rare but massive 
upside 

Extreme 
Downside Case 

Low PPA or 
high CAPEX 

Stress case 
($100/MWh off-peak) 
→ NPV –$50M 

PHS can become 
uneconomic under tight 
supply 

Overall 
Robustness 

Stable under 
long-term 
assumptions 

Highly sensitive to 
market dynamics 

FPV = predictable; PHS = 
high-risk/high-reward 
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3.3.6. Evaluation	metrics	
The	integrated	system	was	assessed	against	the	following	performance	indicators:	
• Annual	 Energy	 Yield	 (kWh/year):	 Total	 FPV	 electricity	 generation	 and	 PHES	

discharge.	
• Storage	Utilisation	Rate	(%):	The	ratio	of	actual	PHS	use	to	its	theoretical	storage	

capacity.	
• Levelized	Cost	of	Energy	($/kWh):	The	average	cost	of	electricity	generated	over	

the	project’s	lifetime.	
• Payback	Period	(years):	The	time	required	to	recover	initial	investment.	
• CO₂	Offset	Potential	(tCO₂/year):	The	estimated	emissions	avoided	by	displacing	

grid-supplied	electricity.	
	
4. Results	and	discussion	
	
4.1. Case	study:	Te	Mārua	reservoirs	
	
4.1.1. Site	characteristics	
The	 Te	 Mārua	 reservoirs,	 located	 in	 Wellington,	 Aotearoa	 New	 Zealand	 (NZ),	 were	
selected	 as	 the	 case	 study	 site	 due	 to	 their	 dual-reservoir	 configuration,	 favourable	
elevation	gradient,	proximity	to	urban	energy	demand,	and	existing	water	management	
infrastructure,	making	them	suitable	 for	 investigating	FPV-PHS	integration	under	real-
world	constraints.	
	
The	 lower	reservoirs	(existing	Te	Mārua	twin	 lakes)	sit	at	elevations	of	approximately	
300	m	 above	 sea	 level,	while	 the	 upper	 proposed	 reservoir	 is	 located	 at	 an	 elevation	
approximately	 160-165 m	 above	 the	 lower	 basin,	 with	 head-to-length	 ratio	 of	 0.16	
required	for	feasibility	(see	Supplementary	Material).	The	existing	lower	reservoirs	have	
a	combined	surface	area	of	approximately	31.4 ha	and	maximum	depths	of	16 m,	while	
the	 proposed	 upper	 reservoir	 would	 cover	 approximately	 6.1 ha	 with	 a	 capacity	 of	
860.1 ML.	Hydraulic	modelling	 assumes	 a	 discharge	 volume	of	 143.35 ML	 for	 10-hour	
generation	cycles	(see	Supplementary	Material).	
	
FPV	system:	
• Deployed	 across	 approximately	 5 ha	 of	 the	 lower	 reservoirs,	with	 16,667	 JinKO	

600 W	modules	(2.7 m²	each),	providing	10 MWp	DC	capacity.	
• North-facing	orientation,	fixed	10°	tilt,	supported	by	Zimmerman	(ZIM)	PV	Floating	

and	Ciel	&	Terre	pontoons.	
• Two	SMA	Skid	inverters	rated	at	4.4 MVA	each,	yielding	a	system	DC/AC	ratio	of	1.2.	

Energy	yield	was	modelled	in	PVsyst	based	on	Te	Mārua	irradiance	conditions.	
	
PHS	system:	
• 1 km	penstock	producing	a	net	generation	head	of	160 m.	
• 10 MW	reversible	Francis	turbine	with	11 MW	pumping	draw	at	HV	terminals.	
• Configured	for	10-hour	pumping	and	10-hour	generation	cycles.	
• Shared	use	of	lower	reservoirs	with	FPV	(~10%	of	total	volume,	~1 m	drawdown).	
• Upper	 reservoir	 operation	 is	 limited	 to	 >33%	 volume,	 except	 in	 emergency	

conditions	prioritising	potable	water.	Seasonal	synergy	and	shared	infrastructure	
are	embedded	in	dispatch	logic.	
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Hydrological	inflows	and	outflows	are	driven	by	the	Hutt	River	at	Kaitoke	Weir,	which	
supplies	 a	 9,000	 ha	 bush-clad	 catchment	 in	 the	 southern	 Tararua	 Ranges;	 summer	
abstraction	limits,	water-quality	constraints,	and	bypass	flows	that	refill	the	lakes	before	
returning	to	the	river	shape	reservoir	operations	(GWRC,	2022).	
	
Site	access	is	via	State	Highway	2,	supporting	construction	and	maintenance	of	FPV-PHS	
infrastructure.	 Climate	 conditions—annual	 rainfall	 	 of	 1,203	mm	 (NIWA,	 2024),	mean	
temperature	 9-13.6°C	 (NIWA,	 2024),	 and	 generally	 high	 wind	 speeds	 typical	 of	
Wellington	 (NIWA,	 2025)—affect	 both	 solar	 generation	 potential	 and	 hydrological	
dynamics.	 The	 Te	 Mārua	 reservoirs	 serve	 approximately	 40-45%	 of	 the	 Wellington	
metropolitan	 population	 (Water	 New	 Zealand,	 2024),	 covering	 around	 177,638	
properties	in	Upper	Hutt	with	an	average	annual	electricity	consumption	of	6,982 kWh	
per	property	(Powershop,	2025).	Electricity	is	supplied	via	the	national	generation	grid	
and	 local	 sources,	 with	 distribution	 maintained	 by	 Wellington	 Electricity,	 including	
substations	such	as	the	one	at	Birchville.	
	
Overall,	the	site	provides	a	strategic	setting	for	this	assessment,	combining	hydrological	
capacity,	geographical	configuration,	accessibility,	and	proximity	to	energy	demand.	
	

	
Figure	5.	Aerial	view	of	the	Te	Marua	reservoirs	(Stuart	Macaskill	Lakes)	
(Source:	Bing	Maps	(Microsoft),	2025).		

4.1.2. Energy	need	and	potential	
Electricity	 use	 associated	 with	 pumping,	 water	 transfer,	 and	 treatment	 is	
continuous	and	predictable,	providing	an	opportunity	 for	partial	offset	 through	
on-site	renewable	generation.	Solar	resource	assessments	obtained	from	PVsyst	show	
mean	 irradiance	 levels	of	4.1-5.0	kWh/m²/day	 (125	kWh/m2/month),	while	 reservoir	
surface	 conditions	 provide	 stable	 areas	 suitable	 for	 FPV	 deployment.	 Pumped	 hydro	
operation	is	enabled	by	the	existing	elevation	difference	of	approximately	165	m	offering	
potential	 for	 energy	 arbitrage	 and	 peak-load	 support.	 Together,	 these	 characteristics	
indicate	 significant	 technical	 potential	 for	 an	 integrated	 FPV-PHS	 system	 to	 reduce	
operational	expenditure	and	contribute	to	regional	energy	resilience.	
	
4.1.3. Existing	infrastructure	
The	site	 includes	 two	 interconnected	reservoirs	 linked	by	controlled	 intake	structures	
and	 existing	 pumping	 assets.	 The	 electrical	 infrastructure	 includes	 proximity	 to	 local	
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distribution	lines	and	existing	grid	interconnection	used	for	current	pumping	operations.	
Reservoir	 access	 roads,	 embankments,	 and	 operational	 control	 facilities	 offer	 suitable	
platforms	for	FPV	deployment	and	PHS	integration	with	minimal	new	civil	works.	This	
existing	asset	base	reduces	capital	requirements	and	supports	efficient	implementation	
of	an	FPV-PHS	hybrid	configuration.	
	
4.1.4. Proposed	FPV-PHS	integration	approach	
The	 proposed	 system	 involves	 deploying	 FPV	 arrays	 on	 15%	 of	 existing	 available	
reservoir	 surface	 area	 to	 maximise	 solar	 generation	 while	 maintaining	 water	 supply	
functions.	 Generated	 electricity	 would	 power	 reversible	 pumps	 transferring	 water	
between	upper	(proposed)	and	existing	lower	reservoirs	during	periods	of	surplus	solar	
output.	
	
During	 peak	 demand	 or	 low-generation	 periods,	 stored	 water	 would	 be	 released	 to	
produce	electricity	via	turbines	installed	within	the	proposed	conveyance	system.	System	
operation	would	be	coordinated	through	a	centralised	control	strategy	integrating	solar	
forecasting,	reservoir	operating	limits,	and	hydropower	dispatch	rules.	
	

	
Figure	6.	Layout	of	the	proposed	FPV-PHS	system	
(Source:	PVsyst,	2025).		
	
This	approach	aims	to	enhance	operational	flexibility,	reduce	grid	reliance,	and	increase	
overall	 system	 efficiency	 with	 minimal	 disruption	 to	 existing	 water	 management	
activities.	
	
4.2. Economic	analysis	
This	section	evaluates	the	economic	performance	of	the	FPV	and	PHS	systems,	comparing	
financial	metrics	under	 two	PHS	charging	scenarios.	FPV	costs	and	 financial	outcomes	
remain	constant	in	both	cases;	only	PHS	economics	change	because	they	depend	on	the	
source	of	pumping	energy:	
• Scenario	1	–	Grid-charged	PHS:	FPV	and	PHS	operate	as	independent	projects	with	

separate	business	models,	and	
• Scenario	2	–	FPV-supported	PHS:	FPV	remains	a	standalone	generation	asset,	but	

PHS	purchases	50%	of	its	pumping	energy	from	the	co-located	FPV	system,	creating	
a	combined	operational	model	for	PHS.	
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Capital	expenditure,	operational	costs,	revenue	potential,	and	financial	indicators	are	all	
in	 New	 Zealand	 (NZ)	 context.	 The	 scenario	modelling	 considers	 30-	 and	 60-year	 FPV	
lifetimes	 and	 a	 60-year	 PHS	 project	 horizon,	 aligned	 with	 typical	 asset	 lifespans	 and	
international	practice.	All	financial	calculations,	cost	decomposition,	and	long-term	cash-
flow	modelling	are	provided	in	the	Supplementary	Material.	
	
4.2.1. Capital	costs	and	investment	requirements	(CAPEX)	
FPV	systems	require	moderate	capital	investment	(Joshi,	2023).	
• FPV	30-year	system:	$21.59	million.	
• FPV	60-year	system:	$24.25	million	($21.59	million	in	year	0,	and	$16.19	million	

for	extending	the	2nd	life	of	FPV	system).	
	
PHS	system	demands	significantly	higher	upfront	investment	(NREL,	2024):	
• PHS	60-year	system:		$51.00	million.	
	
These	 figures	 reflect	 the	 infrastructure	 intensity	 of	 PHS	 compared	 to	 modular	 FPV	
deployment.	
	
4.2.2. Operational	and	maintenance	cost	(OPEX)	
FPV	OPEX	(Joshi,	2023):	
• 30	years:	$5.89	million.	
• 60	years:	$8.31	million.	
	
PHS	OPEX	(NREL,	2024):	
• 60	years:	$9.31	million.	
	
PHS	pumping	energy	cost:	
• Scenario	1:	$87.44	million,	based	on	736,628	MWh	purchased	at	an	assumed	off-

peak	rate	of	$70/MWh	(average	off-peak	grid	price	over	the	2025	year).	
• Scenario	 2:	 Total	 cost	 is	 $136.68	million,	 based	 on	 736,628	MWh	 purchased	 at	

$70/MWh	(grid)	and	$149/MWh	(FPV	LCOE-based	PPA).	
	
While	FPV	incurs	lower	maintenance	costs,	PHS’s	operational	profile	includes	substantial	
energy	input	costs—highly	dependent	on	whether	energy	is	sourced	from	the	grid	or	the	
FPV	system—which	dominate	its	lifetime	expenditure.	
	
4.2.3. Revenue	streams	and	financial	feasibility	
FPV	revenues,	based	on	its	LCOE	as	its	purchase	power	agreement	(PPA)	of	$149/MWh	
escalating	with	inflation:		
• 30	years:	$38.04	million.	
• 60	years:	$54.60	million.	
	
PHS	 revenues,	 based	 on	 an	 average	 grid	 peak	 price	 of	 $200/MWh	 escalating	 with	
inflation:	
• 60	years:	$195.49	million.	
	
Net	Present	Value	(NPV):	
• FPV	(30	years):		$10.56	million.	
• FPV	(60	years):		$22.05	million.	
• Scenario	1	(60	years):		$47.74	million.	
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• Scenario	2	(60	years):		-$1.50	million	
	
Internal	Rate	of	Return	(IRR):	
• FPV	(30	years):	4.5%.	
• FPV	(60	years):	5.0%.	
• Scenario	1	(60	years):	10.0%.	
• Scenario	2	(60	years):	5.0%	
	
FPV	remains	financially	positive	across	both	lifetimes.	Despite	higher	costs,	Scenario	1	
demonstrates	 superior	 financial	 feasibility,	 with	 stronger	 NPV	 and	 IRR	 performance,	
indicating	robust	long-term	returns.	
	
4.2.4. Payback	period	and	levelized	cost	of	energy	(LCOE)	
Payback	Period:	
• FPV:	10.7	years.	
• Scenario	1:	11.7	years.	
• Scenario	2:	21.13	years	
	
LCOE:	
• FPV:		$0.15/kWh.	
• Scenario	1:		$0.25/kWh.	
• Scenario	2:		$0.34/kWh	
	
Cost	of	Stored	Energy	(COSE)	for	PHS:	
• Scenario	1:		$254.44/MWh.	
• Scenario	2:		$339.24/MWh	
	
FPV	 offers	 a	 shorter	 payback	 and	 lower	 LCOE,	 making	 it	 attractive	 for	 near-term	
deployment.	Scenario	1	carries	lower	LCOE,	shorter	payback,	and	contributes	strategic	
value	through	energy	storage	and	grid	support,	while	Scenario	2	increases	costs	further.	
	
4.2.5. Economic	performance	of	the	FPV	base	case 
The	60-year	(2nd	life	inclusive)	FPV	base	case	produces	an	NPV	of		$22.05M	and	an	IRR	
of	5.0%,	with	a	payback	period	of	10.7	years.	The	system	generates	218,754	MWh	over	
its	lifetime,	supported	by	a	CAPEX	of		$24.25M	and	OPEX	of		$8.31M.	Compared	with	the	
30-year	case	(NPV		$10.56M,	IRR	4.5%),	the	extended	lifetime	nearly	doubles	the	NPV	for	
only	a	modest	increase	in	cost,	demonstrating	that	FPV	benefits	significantly	from	long	
term	operation.	However,	the	IRR	remains	modest,	indicating	that	FPV	viability	depends	
on	stable	tariffs,	predictable	energy	yield,	and	disciplined	cost	management.	
	
4.2.6. FPV:	Sensitivity	results 
A	one-at-a-time	sensitivity	analysis	was	conducted	on	the	60-year	FPV	case,	varying	PPA	
price,	CAPEX,	OPEX,	energy	yield,	and	discount	rate.	
• PPA	price:	 A	 10%	 increase	 raises	NPV	 to	 	 $27.5M	 and	 IRR	 to	 7%,	while	 a	 10%	

decrease	lowers	NPV	to		$16.5M	and	IRR	to	3%.	FPV	is	therefore	highly	sensitive	to	
tariff	structure.	

• CAPEX:	A	±20%	variation	produces	substantial	shifts	in	NPV	and	IRR,	reflecting	the	
importance	of	EPC	cost	certainty.	

• OPEX:	Changes	 in	OPEX	have	a	moderate	 influence,	with	 long-term	effects	more	
pronounced	in	the	60-year	case.	
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• Energy	yield:	±10%	variation	directly	affects	revenue	and	therefore	NPV	and	IRR.	
• Discount	rate:	Lower	discount	rates	significantly	increase	NPV,	while	higher	rates	

reduce	it,	though	IRR	remains	unchanged.	
	
Compared	with	the	30-year	case,	the	60-year	FPV	system	is	more	exposed	to	long	term	
variables	such	as	discount	rate	and	OPEX,	while	the	30-year	case	is	more	dominated	by	
upfront	CAPEX	and	tariff	assumptions.	
	
Overall,	FPV	behaves	 like	a	conventional	generation	asset.	 Its	 financial	performance	 is	
driven	primarily	by	tariff	certainty,	energy	yield,	and	capital	cost.	It	is	relatively	insulated	
from	 short-term	market	 volatility	 because	 revenue	 is	 tied	 to	 a	 fixed	 PPA	 rather	 than	
wholesale	price	spreads.	This	makes	FPV	stable	but	moderately	sensitive	 to	 long-term	
financial	assumptions.	
	
4.2.7. Economic	performance	of	the	PHS	base	case 
The	60-year	PHS	base	case	yields	an	NPV	of	$47.74M	and	an	IRR	of	10%,	with	a	payback	
period	of	11.7	years.	Pumping	energy	is	purchased	at		$70/MWh	and	sold	at	$200/MWh,	
giving	 a	 spread	 of	 $130/MWh.	 The	 system	 consumes	 736,628	MWh	 for	 pumping	 and	
generates	580,697	MWh	for	sale,	resulting	in	a	pumping	cost	of		$87.44M.	Compared	with	
FPV,	PHS	 is	more	capital-intensive	but	also	significantly	more	profitable,	driven	by	 its	
ability	to	arbitrage	between	low-price	and	high-price	periods.	
	
4.2.8. Nodal	price	spread	sensitivity 
A	 nodal	 price	 sensitivity	 analysis	 was	 undertaken	 to	 evaluate	 the	 impact	 of	 off-peak	
pumping	electricity	prices	on	PHS	economic	viability.	The	base	case	assumes	a	national	
average	 off-peak	 price	 of	 	 $70/MWh,	 but	 Haywards	 nodal	 data	 (EA,	 2025)	 show	
substantial	seasonal	variation.	
Seasonal	off-peak	prices	used:	
• Winter	minimum:		$67.37/MWh.	
• Summer	minimum:		$0.72/MWh.	
• Stress	case:		$100/MWh.	
	
The	results	show:	
• Winter	minimum	(	$67.37/MWh):	NPV	increases	to		$51M,	IRR	remains	at	10%.	

Winter	spreads	are	stable	and	favourable.	
• Summer	minimum	(	$0.72/MWh):	NPV	rises	dramatically	to		$136.3M	and	IRR	to	

16%.	 These	 conditions	 represent	 rare	 but	 extremely	 profitable	 surplus	
generation	events.	

• Stress	 case	 (	 $100/MWh):	 NPV	 falls	 to	 	 $10.26M,	 demonstrating	 that	 PHS	
becomes	marginally	viable	economically	if	off-peak	prices	remain	elevated.	

	
PHS	economics	are	dominated	by	the	spread	between	charging	and	discharging	prices.	
Unlike	FPV,	which	depends	on	stable	 tariffs	and	energy	yield,	PHS	thrives	when	 it	can	
access	 very	 low-cost	 surplus	 energy	 and	 sell	 into	 high	 value	 peak	 periods.	 Seasonal	
dynamics	therefore	play	a	critical	role.	
	 	
4.2.9. Seasonal	dynamics	and	cross-technology	insights 
The	seasonal	analysis	reveals	a	clear	pattern.	PHS	value	is	winter	dominant,	with	summer	
conditions	 offering	 limited	 but	 occasionally	 extreme	 arbitrage	 opportunities.	 Winter	
provides	the	most	reliable	profitability	because	peak	prices	remain	high	while	off-peak	
prices	stay	moderate,	ensuring	a	stable	and	favourable	spread.	Summer,	by	contrast,	can	
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produce	 very	 low	 nodal	 prices	 during	 surplus	 solar	 periods,	 creating	 rare	 but	 highly	
lucrative	opportunities,	but	also	periods	of	flatter	spreads.	
	
FPV	exhibits	the	opposite	seasonal	profile.	FPV	performs	best	in	summer	due	to	higher	
irradiance	but	does	not	directly	benefit	from	price	volatility.	Its	revenue	is	stable	and	tariff	
driven,	not	spread	driven.	
	
Together,	FPV	and	PHS	form	a	complementary	pair:	
• FPV	generates	low-cost	energy,	especially	in	summer.	
• PHS	absorbs	surplus	energy	and	shifts	it	into	high	value	winter	and	peak	demand	

periods.	
• FPV	depresses	summer	prices,	creating	ideal	pumping	conditions	for	PHS.	
• PHS	stabilises	winter	supply,	converting	stored	energy	into	firm	capacity.	
	
This	seasonal	complementarity	strengthens	system	resilience	and	enhances	the	economic	
performance	of	both	technologies	when	deployed	together.	
	
4.3. Discussion	
	
4.3.1. Technical	performance	
The	PVsyst	simulations	indicate	an	annual	global	horizontal	irradiation	of	approximately	
1,500 kWh/m²	 at	 Te	 Mārua.	 The	 FPV	 system	 achieves	 a	 high	 specific	 yield	 of	
1,445 kWh/kWp/yr,	producing	14.437 GWh	annually	when	panels	are	north-facing.	This	
aligns	 with	 performance	 expectations	 for	 high	 latitude	 FPV	 installations,	 where	 the	
cooling	effect	of	the	water	surface	typically	improves	module	efficiency	by	3	to	5%	(ref).	
The	 system	 configuration—16,667	 Jinko	 600 W	 modules	 mounted	 on	 Xiamen	 Mibet	
pontoons	 and	 supported	 by	 8.3 MVA	 of	 inverter	 capacity—provides	 stable	 generation	
across	seasonal	conditions.	
	
The	PHS	component,	comprising	a	10 MW	reversible	Francis	turbine,	offers	100 MWh	of	
storage	with	a	10-hour	discharge	duration.	With	an	80%	round	trip	efficiency,	the	system	
consumes	 approximately	 45.6 GWh	 annually	 for	 pumping	 and	 generates	 36.5 GWh,	
consistent	 with	 expected	 losses	 for	 medium	 head	 reversible	 units	 (ref).	 The	 hybrid	
operation	shifts	15	to	25%	of	daily	energy	into	evening	peaks	by	exporting	FPV	output	
directly	 to	 the	 grid	 and	using	off-peak	 electricity	 for	pumping.	The	10-hour	discharge	
capability	also	enables	the	system	to	supply	critical	loads	during	grid	outages,	providing	
a	resilience	function	that	FPV	alone	cannot	deliver.	
	
High	 summer	 excess	 generation	 conditions	 substantially	 increase	 pumping	
opportunities,	 enabling	 the	PHS	 system	 to	 complete	 full	 charge-discharge	 cycles	more	
frequently.	In	contrast,	reduced	winter	solar	output	limits	the	amount	of	surplus	energy	
available	for	pumping;	however,	the	system	continues	to	maintain	a	high	level	of	storage	
readiness	 by	 drawing	 on	 low-cost	 off-peak	 grid	 imports.	 Under	 winter	 peak	 price	
conditions,	 the	 system	 achieves	 noticeably	 higher	 dispatch	 value,	 demonstrating	 the	
hybrid	configuration’s	ability	to	adapt	effectively	to	both	seasonal	variability	and	market-
driven	operating	conditions.	
	
4.3.2. Economic	feasibility	
The	long-term	economic	modelling	over	a	60-year	horizon	indicates	favourable	financial	
performance	 for	 both	 the	 FPV	 and	 PHS	 components,	 with	 detailed	 financial	 metrics	
summarised	 in	 Table	 2.	 The	 techno-economic	 model	 incorporates	 Te	 Mārua-specific	
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hydrological,	 solar,	 and	 operational	 data,	 including	 reservoir	 geometry,	 seasonal	
irradiation	profiles,	hourly	price	curves,	and	pumping-generation	constraints	to	ensure	
that	all	financial	outputs	reflected	actual	operating	conditions	of	the	site.	
	
Table	2.	Te	Mārua	hybrid	energy	system	economic	feasibility	summary	

Costings	 FPV	
PHS	

(Scenario	1)	
PHS	

(Scenario	2)	
CAPEX  2.2 million/MW  5.1 million/MW  5.1 million/MW 
OPEX  0.031 million/MW  0.034 million/MW  0.034 million/MW 

Pumping Cost -  $87.44 million  $136.68 million 
LCOE  $0.15/kWh  $0.25/kWh  $0.34/kWh 
NPV  $22.0 million  $47.7 million  -$1.50 million 
IRR 5% 10% 5% 

Discount Rate 6% 6% 6% 
Payback 
Period 10.7 Years 11.7 Years 21.1 Years 

	
The	 FPV	 achieves	 low	 CAPEX	 and	 OPEX,	 resulting	 in	 competitive	 LCOE,	 while	 PHS	
requires	 higher	 upfront	 and	 operational	 costs	 but	 provides	 strategic	 value	 through	
energy	storage	and	grid	stability.	The	scenario	2	system,	however,	is	less	economically	
attractive	under	 current	assumptions.	These	values	 compare	 competitively	with	other	
small-scale	 renewable	 plus	 storage	 systems,	 particularly	 when	 resilience	 benefits	 are	
considered.	
	
The	sensitivity	analysis	identifies	three	dominant	economic	drivers:	
• FPV	CAPEX	reductions:	a	20%	decrease	improves	IRR	and	NPV	and	reduces	LCOE	

by	13%.	
• PHS	node	minimum	summer	price:	higher	summer	prices	significantly	improve	IRR	

and	NPV	and	reduce	LCOE	by	44%.	
• Winter	 peak	 avoided	 cost	 values:	 grid	 import	 prices	 of	  0.21-0.35/kWh	

substantially	enhances	revenue	streams.	
	
Overall,	Scenario	1	demonstrate	economic	viability,	while	Scenario	2	model	substantially	
reduces	profitability,	doubles	the	payback	period,	and	increases	the	cost	of	stored	energy	
by	approximately	33	to	36%,	thereby	demonstrating	limited	economic	feasibility	under	
current	assumptions.	
	
4.3.3. Carbon	emission	implications	
The	hybrid	system	contributes	43.64 GWh	of	renewable	electricity	annually	and	reduces	
emissions	by	approximately	3.18 kt CO₂e	per	year	(MfE,	2024)	equivalent	to	around	0.1%	
of	emissions	from	national	electricity	generation.	While	modest	at	the	national	scale,	this	
reduction	is	meaningful	for	local	decarbonisation	and	aligns	with	Wellington’s	broader	
climate	resilience	strategy.	Importantly,	the	project	demonstrates	a	replicable	model	for	
other	municipal	reservoirs	across	Aotearoa	New	Zealand,	many	of	which	share	similar	
hydrological	and	infrastructural	characteristics.	Integrating	FPV	and	PHS	within	existing	
water	supply	assets	offers	a	pathway	to	expand	renewable	generation	without	competing	
for	land,	while	simultaneously	strengthening	community-level	resilience.	
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The	combination	of	moderate	solar	irradiance,	existing	hydropower	infrastructure,	and	
proximity	to	the	grid	positions	Te	Mārua	as	an	ideal	pilot	site,	with	FPV-PHS	offering	both	
seasonal	 renewable	 balancing	 and	 water-management	 co-benefits	 (GWRC,	 2022;	
Transpower,	2023).	
	
4.3.4. Limitations	of	the	study	
This	study	has	several	 limitations	arising	 from	site	specificity,	modelling	assumptions,	
and	data	availability:	
• Site-Specific	 Constraints:	 The	 analysis	 is	 based	 exclusively	 on	 the	 Te	 Mārua	

reservoirs,	which	limits	generalisability.	Reservoir	geometry,	seasonal	water-level	
fluctuations,	and	existing	infrastructure	strongly	influence	both	FPV	placement	and	
PHS	 design.	 Other	 reservoirs	 with	 different	 hydrology,	 topography,	 or	
environmental	 sensitivities	 may	 exhibit	 significantly	 different	 performance	 or	
operational	constraints.	

• Modelling	 Assumptions:	 FPV	 performance	 assumes	 static	 tilt,	 orientation,	 and	
module	 efficiency,	 while	 PHS	 modelling	 relies	 on	 constant	 head	 and	 full-cycle	
pumping	 and	 generation.	 Real-world	 variability,	 including	 weather	 extremes,	
inflow	 uncertainty,	 and	 grid	 curtailment,	 could	 reduce	 actual	 energy	 yield	 and	
round-trip	efficiency.	

• Economic	 Uncertainties:	 Financial	 analyses	 depend	 on	 projected	 CAPEX,	 OPEX,	
electricity	tariffs,	and	nodal	price	spreads.	Deviations	in	off-peak	electricity	prices,	
unexpected	maintenance	costs,	or	changes	in	regulatory	incentives	may	alter	NPV,	
IRR,	and	payback	estimates,	particularly	for	the	PHS	component.	

• Environmental	 and	 Social	 Scope:	 While	 the	 study	 considers	 conservative	 FPV	
coverage	and	PHS	operational	limits,	detailed	environmental	monitoring,	ecological	
modelling,	 and	 stakeholder	 engagement	 are	 not	 fully	 implemented.	 Long-term	
impacts	on	water	quality,	aquatic	ecology,	or	recreational	use	remain	uncertain.	

• Temporal	Scale:	The	study	relies	on	historical	hydrological	and	solar	data	to	model	
annual	 and	 seasonal	 energy	 yields.	 Climate	 change	 and	 evolving	water	 demand	
could	affect	future	performance,	highlighting	the	need	for	adaptive	management.	

• Policy	 and	 Regulatory	 Context:	 Consents,	 permitting	 timelines,	 and	 local	
stakeholder	 negotiations	 are	 not	 accounted	 for	 in	 the	 analysis.	 These	 could	
influence	project	feasibility	and	implementation	timelines.	

	
Overall,	the	results	provide	a	robust	case	study	for	Te	Mārua	but	should	be	interpreted	as	
indicative	rather	than	universally	applicable.	Future	work	should	expand	site	coverage,	
incorporate	dynamic	environmental	monitoring,	and	include	real-world	operational	data	
to	validate	model	assumptions.	
	
5. Conclusions	
This	 study	 investigated	 the	 technical,	 economic,	 and	 environmental	 feasibility	 of	
integrating	floating	photovoltaic	(FPV)	arrays	with	a	small-scale	pumped	hydro	storage	
(PHS)	 system	 at	 the	 Te	 Mārua	 reservoirs	 in	 Wellington,	 Aotearoa	 New	 Zealand.	 The	
hybrid	 FPV-PHS	 configuration	 was	 assessed	 for	 energy	 generation	 potential,	 storage	
performance,	 grid	 integration,	 financial	 viability,	 and	 site-specific	 environmental	 and	
social	considerations.	
	
The	 findings	 indicate	 that	 the	 FPV	 system	 can	 produce	 approximately	 14.4 GWh	 of	
renewable	electricity	annually,	while	the	PHS	component	provides	100 MWh	of	storage	
per	cycle	with	an	80%	round-trip	efficiency,	enabling	strategic	energy	dispatch	during	
peak	 demand	 and	 enhancing	 local	 grid	 resilience.	 Economically,	 FPV	 exhibits	 a	 lower	
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LCOE	(	$0.15/kWh)	and	shorter	payback	period	(10.7	years),	whereas	PHS,	though	more	
capital-intensive,	delivers	stronger	financial	returns	(NPV		$47.7 million,	IRR	10%)	due	
to	 arbitrage	 opportunities	 between	 off-peak	 and	 peak	 electricity	 prices.	 The	
complementary	 seasonal	 profiles	 of	 FPV	 and	 PHS	 further	 enhance	 system	 reliability,	
stabilise	 renewable	 supply,	 and	 contribute	 to	 municipal	 decarbonisation,	 reducing	
approximately	3.18 kt CO₂e	annually.	
	
While	 the	 FPV-PHS	 configuration	 is	 technically	 capable	 of	 operating	 either	 as	 an	
integrated	 system	 or	 as	 two	 hybrid	 subsystems	 that	 support	 each	 other	 and	 function	
independently,	 the	economic	analysis	 indicates	that	neither	configuration	is	 financially	
viable	 as	 a	 fully	 standalone	 system.	 As	 a	 result,	 grid	 connection	 becomes	 essential	 to	
ensure	revenue	stability,	enable	energy	arbitrage,	and	make	the	project	financeable	from	
an	investor	perspective.	
	
Collectively,	 these	 results	 demonstrate	 that	 co-located	 FPV-PHS	 systems	 can	 offer	 a	
replicable,	 low-land-impact	 approach	 to	 expand	 renewable	 energy	 capacity,	 improve	
energy	resilience,	and	support	regional	decarbonisation	goals.	The	study	contributes	to	
both	knowledge	and	practice	by	providing	a	site-specific	framework	for	hybrid	renewable	
deployment	in	mid-latitude	drinking	water	reservoirs.	
	
5.1. Recommendations	
Integrated	 insights	 from	 the	 Te	 Mārua	 case	 study	 highlight	 practical	 pathways	 for	
stakeholders,	 opportunities	 for	 future	 research,	 and	 considerations	 for	 wider	
implementation	of	FPV-PHS	systems	across	Aotearoa	New	Zealand.	
	
5.1.1. Recommendations	for	stakeholders	
For	utility	operators	and	municipal	water	authorities:	
• Generalisable:	Municipal	reservoirs	with	dual-basin	configurations	and	moderate	

solar	 exposure	 can	benefit	 from	co-located	FPV-PHS	 systems	 to	 enhance	energy	
resilience,	seasonal	renewable	balancing,	and	grid	support.	

• Site-specific:	 At	 Te	Mārua,	 deploying	 a	 1	 ×	 10 MW	 reversible	 Francis	 turbine	 is	
recommended	due	to	reduced	civil	complexity,	lower	O&M	cost,	and	alignment	with	
potable	 water	 management	 priorities,	 while	 ensuring	 minimal	 disruption	 to	
reservoir	operations.	

• Engage	 early	 with	 local	 communities	 and	 mana	 whenua	 to	 address	 social	 and	
cultural	 concerns,	 particularly	 regarding	 visual	 impact,	 recreational	 access,	 and	
water	quality	protection.	

• Coordinate	 operational	 scheduling	 with	 regional	 grid	 operators	 to	 optimise	
dispatch	of	stored	energy,	peak-shaving	services,	and	frequency	regulation.	

	
For	policymakers	and	regulators:	
• Generalise	 across	 similar	 reservoirs:	 Establish	 clear	 guidelines	 on	 FPV	 surface	

coverage	 for	 drinking-water	 reservoirs,	 balancing	 renewable	 deployment	 with	
water	quality	and	ecological	protection.	

• Support	 pilot	 FPV-PHS	 projects	 via	 targeted	 financial	 incentives,	 such	 as	 green	
infrastructure	 bonds	 or	 public-private	 partnerships,	 to	 reduce	 perceived	
investment	risk.	

• Align	planning	frameworks	with	the	Resource	Management	Act	and	Te	Mana	o	te	
Wai	principles	to	ensure	energy	development	complements	water	governance	and	
environmental	conservation.	
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5.1.2. Recommendations	for	future	research	
• Validation	and	monitoring:	Long-term	performance	monitoring	at	Te	Mārua	and	

comparable	sites	is	essential	to	verify	modelled	energy	yields,	PHS	efficiency,	and	
FPV	module	performance	under	local	climatic	conditions.	

• Hydro-solar	interactions:	Investigate	dynamic	interactions	between	FPV	shading,	
evaporation	 reduction,	 and	 PHS	 drawdown/refill	 cycles	 to	 refine	 operational	
strategies	and	maximise	co-benefits.	

• Economic	 and	market	 analysis:	Explore	 sensitivity	 to	 variable	 electricity-market	
pricing,	 PPA	 structures,	 and	 policy	 incentives,	 particularly	 under	 evolving	
renewable	energy	frameworks.	

• Replication	 potential:	 Assess	 transferability	 of	 FPV-PHS	 configurations	 to	 other	
council	 reservoirs	 with	 similar	 hydrological	 and	 infrastructural	 characteristics,	
identifying	 design	 modifications	 for	 differing	 head	 heights,	 surface	 areas,	 and	
water-use	priorities.	
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