
Jurnal Inovasi Teknologi dan Edukasi Teknik, 4(10), 2024 

  

ECONOMIC, ENVIRONMENTAL AND SOCIAL OPTIMIZATION 
OF PHOTOVOLTAIC IMPLEMENTATION IN COFFEE SHOP 
BUSINESSES, MALANG CITY  

Febby Ayu Oktiviania, Aripriharta 

Universitas Negeri Malang, Jl. Semarang No.5, Sumbersari, Malang 65145 Indonesia 
*Corresponding author, email: aripriharta.ft@um.ac.id 
 
doi: 10.17977/um068.v4.i10.2024.3 
 

Keywords 
Carbon Emissions  
COE  
Optimization 
PV Hybrid 
QHBM 

Abstract 
This research aims to optimize a hybrid photovoltaic (PV) energy system for a 
co;ee shop business in Malang City by incorporating economic, environmental, 
and social dimensions. The optimization process employs the Queen Honeybee 
Migration (QHBM) algorithm, a multi-objective heuristic approach. Key 
performance indicators include Cost of Energy (COE), Carbon Emissions, 
Renewable Fraction (RF), and Community Acceptance, which is evaluated using 
the Technology Acceptance Model (TAM) through a structured questionnaire. The 
system is designed to meet a daily energy demand of 28.8 kWh, under an average 
solar irradiation of 3.86 kWh/m²/day. Simulation and optimization were conducted 
using Python-based programming. The results demonstrate that the optimal 
configuration consists of 20 solar panels (550 Wp) and 10 battery units (200 Ah), 
achieving a COE of IDR 320.04/kWh and an RF of 99.87%. Compared to 
conventional grid electricity, the proposed system o;ers significant cost savings 
and emission reductions. Furthermore, the TAM-based survey yielded an average 
acceptance score of 3.72, indicating a favorable public perception toward the 
adoption of hybrid PV systems in small business contexts. 

1. Introduction 

1.1. Background 
The	 global	 reliance	 on	 fossil	 fuels	 has	 caused	 a	 range	 of	 serious	 issues,	 including	 rising	

greenhouse	gas	emissions,	signi4icant	climate	change,	and	4luctuating	energy	prices	driven	by	oil	and	
gas	market	 swings.	 In	 response,	many	 nations	 are	 speeding	 up	 their	 shift	 toward	 cleaner,	more	
sustainable	energy	systems.	The	growth	of	renewable	energy	sources	like	solar,	wind,	and	bioenergy	
has	become	a	key	part	of	global	energy	plans	to	reduce	environmental	damage	and	improve	long-
term	energy	security	(World	Energy	Transitions	Outlook	2022:	1.5°C	Pathway	2022).	

In	Indonesia,	the	government	faces	a	major	challenge	in	reducing	fossil	fuel	consumption,	which	
still	 dominates	 the	 national	 energy	mix.	 Efforts	 are	 being	made	 to	 expand	 and	 utilize	 New	 and	
Renewable	 Atlas,	 n.d.-a).	 Energy	 (Energi	 Baru	 Terbarukan/EBT)	 in	 the	 power	 sector,	 while	
simultaneously	 ensuring	 the	 security	 of	 national	 energy	 supply	 (Ahsan,	 2021).	 The	 Indonesian	
government	has	set	a	renewable	energy	target	of	23%	by	2025,	rising	to	24.8%	by	2030,	as	outlined	
in	the	Electricity	Supply	Business	Plan	(RUPTL)	2021–2030	(Ahmadi	et	al.,	2023).	Indonesia	is	one	
of	the	countries	with	the	world’s	largest	renewable	energy	potential,	estimated	at	3,700	GW.	This	
includes	 solar,	 hydro,	wind,	 bioenergy,	 and	 geothermal	 resources	 (Indonesia’s	 Prabowo	Plans	 to	
Retire	All	Fossil	Fuel	Plants	in	15	Years,	but	Experts	Are	Skeptical,	2024).	Located	along	the	equator,	
Indonesia	receives	an	average	solar	radiation	intensity	of	approximately	4.8	kWh/m²/day.	According	
to	 Global	 Solar	 Atlas	 data,	 Malang	 City,	 characterized	 by	 daily	 solar	 irradiation	 of	 around	 3.86	
kWh/m²	 offers	 favorable	 conditions	 for	 photovoltaic	 (PV)	 system	 implementation	 (Global	 Solar	
Atlas,	n.d.-a)	

The	abundant	renewable	energy	potential	in	Indonesia	is	not	only	vital	for	the	country's	energy	
security	but	can	also	be	utilized	by	small	and	medium-sized	enterprises	(SMEs),	particularly	within	
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the	 Micro,	 Small,	 and	 Medium	 Enterprise	 sector.	 This	 sector	 offers	 a	 signi4icant	 opportunity	 to	
implement	renewable	energy	technologies,	especially	solar	PV	systems,	to	improve	energy	ef4iciency	
and	promote	sustainable	business	operations	(The	Sustainable	Energy	Fund	(SEF)	Grant	Program	
for	Rooftop	Solar	PV	Exceeds	the	Installed	Capacity	Target	-	SMEs	and	Social	Facilities	Are	the	Largest	
Incentive	Recipients,	n.d.).	UMKM	play	a	strategic	role	in	Indonesia's	economy,	contributing	about	
50%	to	 the	national	GDP	over	 the	past	 4ive	years.	One	rapidly	expanding	UMKM	subsector	 is	 the	
coffee	shop	industry.	According	to	the	International	Coffee	Organization	(ICO),	Indonesia	ranks	third	
globally	in	coffee	production,	after	Brazil	and	Vietnam.	Additionally,	the	number	of	coffee	shops	in	
the	country	increased	signi4icantly	from	1,000	outlets	in	2016	to	2,950	outlets	in	2019	(Aryani	et	al	
2022).	

Despite	 this	 growth,	 UMKM	 particularly	 small-scale	 coffee	 shops	 often	 face	 challenges	 in	
managing	 energy	 ef4iciently	 due	 to	 limited	 resources	 and	high	 operating	 costs.	 These	businesses	
generally	operate	with	tight	pro4it	margins,	making	energy	expenses	a	considerable	burden.	Common	
electrical	appliances	such	as	coffee	machines,	refrigerators,	air	conditioners,	and	 lighting	systems	
contribute	to	high	electricity	consumption,	particularly	during	peak	business	hours.	High	electricity	
bills,	coupled	with	4luctuating	PLN	tariffs,	reduce	the	competitiveness	of	these	businesses,	especially	
those	lacking	capital	to	invest	in	energy-ef4icient	technologies.		Implementing	PV	systems	in	coffee	
shop	 businesses	 can	 offer	 an	 innovative	 solution	 to	 improve	 energy	 ef4iciency	 and	 operational	
sustainability.	In	cities	like	Malang,	where	the	coffee	shop	industry	is	booming,	PV	system	integration	
can	 also	 serve	 as	 a	 branding	 strategy	 to	 attract	 environmentally	 conscious	 customers	 (Candra	
Erawan	et	al.,	2023).	

Moreover,	 measuring	 the	 environmental	 impact	 of	 coffee	 shop	 operations	 is	 essential	 to	
understand	their	contribution	to	carbon	emissions	and	energy	consumption.	PV	system	adoption	can	
reduce	reliance	on	fossil-based	energy	and	thereby	minimize	carbon	emissions	(Konopatzki	et	al.,	
2023).	While	the	initial	investment	for	PV	systems	is	relatively	high,	such	systems	offer	long-term	
economic	 bene4its	 through	 consistent	 energy	 cost	 savings	 (Irfani	 et	 al.,	 2021).	 In	 addition	 to	
environmental	 and	 economic	 aspects,	 the	 social	 implications	 of	 PV	 system	 adoption	 should	 be	
considered.	The	deployment	of	renewable	energy	technologies	in	coffee	shops	can	promote	energy	
literacy,	 strengthen	 community	 engagement,	 and	 encourage	 broader	 acceptance	 of	 renewable	
energy	technologies.	Community	support	plays	a	vital	role	in	advancing	the	adoption	of	sustainable	
energy	solutions	within	this	sector	(Schulte	et	al.,	2022a).	

1.2. Research Gap and Contribution 
There	 have	 been	many	 studies	 on	 the	 implementation	 of	 hybrid	 photovoltaic	 (PV)	 systems,	

primarily	 focusing	 on	 economic	 and	 environmental	 aspects.	 (Biswas	 et	 al.,	 2021)	 assessed	 the	
ecological	 footprint	and	economic	viability	of	 rooftop	PV	systems	using	Life	Cycle	Cost	and	LCOE	
approaches,	 while	 (Bošnjaković	 et	 al.,	 2023)	 investigated	 carbon	 emissions	 through	 a	 Life	 Cycle	
Assessment	of	PV	modules.	Conversely,	the	social	perspective	on	evaluating	PV	systems	still	 lacks	
quantitative	 attention.	 (Wassie	 and	 Adaramola,	 2021)	 reviewed	 social	 aspects	 within	 rural	
electri4ication	but	did	not	incorporate	them	as	measurable	optimization	variables.	Additionally,	most	
prior	 research,	 such	 as	 Christiaanse	 et	 al.	 (2021)	 and	 Xue	 et	 al.	 (2024),	 continue	 to	 depend	 on	
traditional	optimization	techniques,	such	as	Genetic	Algorithm	(GA),	RBFopt,	or	other	econometric	
methods,	without	exploring	natural	behavior-inspired	heuristic	approaches,	like	Queen	Honey	Bee	
Migration	(QHBM).	

This	 research	 4ills	 the	 gap	 by	 offering	 a	 multi-objective	 approach	 that	 not	 only	 considers	
economic	 aspects	 through	 the	 Cost	 of	 Energy	 (COE),	 but	 also	 environmental	 factors	 through	 the	
Renewable	 Fraction	 (RF)	 and	 carbon	 emissions.	 It	 also	 includes	 social	 aspects,	 quantitatively	
evaluated	with	the	Technology	Acceptance	Model	(TAM),	in	the	form	of	Community	Acceptance.	This	
combination	of	methods	highlights	the	novelty	of	using	the	QHBM	algorithm	as	an	optimization	tool	
that	mimics	 queen	 bee	migration	 to	 determine	 the	 optimal	 con4iguration	 of	 hybrid	 PV	 systems.	
Additionally,	the	research's	focus	on	the	MSME	sector,	particularly	coffee	shop	businesses	in	Malang	
City,	enhances	its	practical	value.	Unlike	previous	studies	that	tend	to	focus	on	large-scale	systems	or	
households,	this	research	offers	new	insights	into	the	application	of	renewable	energy	in	the	small-
business	sector,	which	has	received	less	scienti4ic	attention.	Therefore,	this	work	not	only	presents	a	
new	methodological	approach	but	also	broadens	the	scope	of	renewable	energy	deployment	in	urban	
microeconomic	contexts	in	Indonesia.	



 Jurnal Inovasi Teknologi dan Edukasi Teknik, 4(10), 2024 

	

2. METHODS 

2.1. Research Description 
This	research	develops	a	hybrid	PV–battery–grid	system	to	reduce	 the	electricity	costs	 for	a	

coffee	 shop	 in	 Malang	 City.	 Currently,	 the	 location	 depends	 on	 PLN	 electricity,	 costing	 about	
Rp5,000,000–6,000,000	 monthly.	 The	 system	 includes	 solar	 panels,	 batteries,	 inverters,	 and	 a	
connection	to	the	PLN	grid.	During	the	day,	solar	panels	provide	the	main	energy	source,	while	excess	
energy	is	stored	in	batteries	for	nighttime	use	or	when	PV	output	is	low.	If	PV	and	batteries	cannot	
supply	the	load,	the	system	automatically	draws	power	from	the	PLN	grid.	All	energy	4low	is	managed	
by	a	hybrid	inverter	that	controls	power	conversion	and	distribution	to	all	electrical	equipment	in	
the	 coffee	 shop.	 Figure	1	 shows	 a	 diagram	of	 the	hybrid	PV	 system	 to	be	 installed,	 including	PV	
modules,	batteries,	and	the	grid/PLN.	

	
Figure	1.	Hybrid	Network	System	

The	economic	analysis	in	this	research	involves	calculating	the	Cost	of	Energy	(COE),	which	is	
derived	from	the	Capital	Recovery	Factor	(CRF)	and	the	Net	Present	Cost	(NPC).	The	environmental	
aspect	 is	 assessed	 by	 calculating	 the	 Renewable	 Fraction	 (RF),	 which	 shows	 the	 contribution	 of	
renewable	energy	to	the	total	energy	supply.	For	the	social	analysis,	community	acceptance	of	the	
hybrid	PV	system	is	evaluated	using	the	Technology	Acceptance	Model	(TAM).	Data	were	collected	
through	 a	 questionnaire-based	 simulation,	 focusing	 on	 key	 TAM	 variables:	 Perceived	 Usefulness	
(PU),	Perceived	Ease	of	Use	(PEU),	Attitude	Toward	Using	(ATU),	and	Behavioral	Intention	(BI).	The	
research	location	is	shown	in	Figure	2.	

	
Figure	2.	Research	Location	

2.2. Conditions of the Research Location 
The	average	annual	solar	irradiation	in	Malang	City	is	3.86	kWh/m²/day,	with	peak	sun	hours	

occurring	between	10:00	am	and	2:30	pm,	totaling	about	4.5	hours	per	day.	Monthly	irradiation	data	
are	shown	in	Figure	3	below,	based	on	the	Global	Solar	Atlas.	(n.d.-b).	
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Figure	3.	Daily	Solar	Irradiation	of	Malang	City	

The	case	study	was	conducted	at	Es	Kopi	Bos	coffee	shop	located	at	Jl.	Hamid	Rusdi,	Bunulrejo,	
Blimbing	 Sub-district,	 Malang	 City,	 with	 coordinates	 -7.9665°	 N	 and	 112.6490°	 East.	 Based	 on	
observations,	 the	total	average	existing	electrical	power	reaches	28,797	kWh,	with	a	daily	energy	
consumption	of	14,304	kWh.	The	coffee	shop	relies	entirely	on	PLN	electricity,	with	monthly	bills	
ranging	from	Rp3,000,000	to	Rp6,000,000.	The	power	demand	data	and	daily	load	pro4ile	from	the	
survey	results	are	used	as	 the	basis	 in	determining	 the	capacity	of	 the	system	components	 to	be	
designed.	Table	1	presents	details	of	the	power	requirements	of	each	electrical	equipment	in	standby	
condition.	

Table	1.	Coffee	Shop	Electrical	Equipment	Data	
Electrical	
Equipment	

Power	Consumption	
(Watt)	

Quantity	
(pieces)	

Lights	 5	 60	
AC	 1600	 2	
CCTV	 12	 16	
Computer	 12	 1	
Fan	 30	 4	
Sound	 1000	 1	
Refrigerator	 125	 5	
Freezer	 300	 2	
Coffee	Machine	 2000	 1	
Coffee	Greender	 900	 3	
Roastery	Coffee	 330	 1	
Shocker	 1000	 1	
Sealer	 300	 1	

	

2.3. Objective Function of Hybrid PV Systems 
In	hybrid	PV	systems,	the	objective	function	is	designed	to	minimize	costs	and	environmental	

impacts	 such	 as	 carbon	 emissions,	 while	maximizing	 the	 use	 of	 renewable	 energy	 based	 on	 the	
following	factors:	

𝐶𝑂𝐸 =	
&(𝑁!"	𝑥	𝐶!"	) + (𝑁#$%%	𝑥	𝐶#$%%) + 	𝐶&'(	 +	𝐶*&, 	+ 	𝐶-!.,	𝑥	𝐶𝑅𝐹

∑ 𝑊/012
%34

	

Where,	𝐶𝑂𝐸	is	the	energy	cost	per	kWh,	𝑁𝑝𝑣	is	the	number	of	PV	modules	used,	𝐶𝑝𝑣	is	the	cost	
per	unit	of	PV	module,	𝑁𝑏𝑎𝑡𝑡	is	the	number	of	batteries	used,	𝐶𝑏𝑎𝑡𝑡	is	the	cost	per	unit	of	battery,	
𝐶𝑖𝑛𝑣	is	the	total	cost	of	the	inverter,	𝐶𝑜&𝑀	is	the	total	annual	operating	and	maintenance	cost,	𝐶𝑟𝑒𝑝	
is	the	total	cost	of	component	replacement	over	the	project's	lifespan,	𝐶𝑅𝐹	is	the	factor	that	converts	
the	investment	cost	into	annual	payments,	and	∑365	𝑤𝑆	is	the	total	energy	production	over	one	year.		
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Maximizing	Renewable	Fraction:	

𝑅𝐹 =	
(𝑁!"	𝑥	𝑃!"			η!") + (𝑁#$%%	𝑥	𝑊#$%%	𝑥	η#$%%)

(𝑁!"	𝑥	𝑃!"			η!") + (𝑁#$%%	𝑥	𝑊#$%%	𝑥	η#$%%) + (𝑃!5-	𝑥	𝑇!5-)
	

Where,	𝑃𝑃𝑉	is	the	required	output	power	of	the	PV	system,	𝜂𝑝𝑣	is	the	ef4iciency	of	the	PV	system,	
𝑁𝑏𝑎𝑡𝑡	is	the	number	of	batteries	used,	𝑊𝑏𝑎𝑡𝑡	is	the	required	battery	energy	capacity,	𝜂𝑏𝑎𝑡𝑡	is	the	
battery	ef4iciency,	𝑃𝑃𝐿𝑁	is	the	electrical	power	drawn	from	the	utility	grid,	𝑇𝑃𝐿𝑁	is	the	duration	of	
electricity	usage.	

Minimizing	Carbon	Emissions	from	PLN	and	Maximizing	Community	Acceptance	can	calculate	
by	equations	(3)	and	(4)	:	

𝐸𝐶𝑂! =	𝑃"#$	𝑥	𝐸𝐹"#$  

𝐶𝐴 =
∑ 𝑅&'
&34

𝑛 	

Where,	𝐶𝐴	is	the	average	level	of	public	acceptance	of	the	PV	system	project,	𝑅𝑖	is	the	score	or	
value	of	respondent	i	for	the	project,	𝑛	is	the	total	number	of	respondents,	𝐸𝑐𝑜2	is	the	carbon	dioxide	
emissions	from	the	use	of	PLN	electricity,	and	𝐸𝐹𝑃𝐿𝑁	is	the	carbon	emission	factor	from	PLN.	

Multi-Objective	Optimization	(MOO)	Function	is	calculated	by	equation	(5):	

𝐹 =	𝜔4	𝑋	𝐶𝑂𝐸 +	𝜔6	𝑋	𝐸𝐶𝑂6 −	𝜔0	𝑋	𝑅𝐹 −	𝜔7	𝑋	𝐶𝐴	

The	 objective	 function	 weighting	 is	 determined	 by	 distributing	 direction	 vectors	 across	
solutions,	 so	 that	 each	 solution	 has	 a	 different	 weight.	 This	 approach	 uses	 the	 Multi-Objective	
Evolutionary	 Algorithm	 based	 on	 Decomposition	 (MOEA/D)	 method	 combined	 with	 Localized	
Penalty-Based	Boundary	Intersection	(LPBI).	In	this	method,	the	weights	are	not	assigned	speci4ically	
but	are	represented	by	evenly	distributed	direction	vectors,	resulting	in	solutions	that	are	balanced	
across	the	Pareto	front	(Ming	et	al.,	2017).	

	

2.4. PV Components of Hybrid Systems 
The	components	of	the	hybrid	PV	system	in	this	study	were	selected	based	on	system	needs,	

energy	demand,	and	local	availability.	The	system	consists	of	PV	modules	as	the	main	energy	source,	
batteries	 to	store	excess	energy,	an	 inverter	 to	convert	DC	 to	AC	power,	and	 the	power	grid	as	a	
backup.	 The	 following	 calculation	 formula	 (equation	 7-9)is	 used	 in	 reference	 to	 the	 selection	 of	
system	components:	

Electrical	Energy	Requirements	(Lubna	et	al.,	2021):	

𝑊/ =	𝑊8 + ((𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒25 − 40%)𝑊8	

Where,	 W_s	 	 is	 the	 planned	 electrical	 energy	 supply	 requirement,	 while	 W_d	 is	 the	 daily	
electrical	energy	required.	

PV	system	energy	requirements	(Malik	et	al.,	2023):	

Wload	=	Pdemand	+	(Pdemand	´	SF	)	
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Where,	Wload	is	the	load	energy	required,	Pdemand	is	the	power	required	by	the	load,	and	SF	
is	the	safety	factor.	

Inverter	capacity	(Adesina	et	al.,	2023):		

Pinv	=	Pd	´hinv	+	(tolerance	25	-	30%)	́ 	Pd	´hinv	

Where,	Pinv	is	the	required	output	power	of	the	PV	system,	Pd	is	the	peak	load	power,	and	�inv	
is	 the	 inverter	 ef4iciency.	 The	 25-30%	 tolerance	 is	 an	 additional	 margin	 of	 inverter	 capacity	 to	
account	for	potential	issues	overload.	

2.4.1. PV System Specifications 
In	designing	a	hybrid	PV	system	for	a	coffee	shop,	Trina	Solar	panels	with	capacities	of	450Wp,	

550Wp,	 and	650Wp	are	used	because	 their	 varying	power	outputs,	 sizes,	 and	ef4iciencies	 can	be	
matched	 to	 roof	 conditions	 and	 energy	 needs.	 Economically,	 the	 450Wp	 panels	 are	 suitable	 for	
limited	budgets,	 the	550Wp	panels	 provide	 a	 good	balance	 of	 capacity	 and	 cost,	 and	 the	650Wp	
panels	deliver	high	output	with	long-term	ef4iciency.	The	differences	in	current	and	voltage	between	
the	panels	also	enable	4lexible	integration	with	inverters	and	batteries,	thereby	improving	system	
performance	ef4iciency.	

Table	2.	PV	System	SpeciJications	
Parameters	 SpeciPications	
Brand	 Trina	Solar	450	Watt	 Trina	Solar	550	Watt	 Trina	Solar	650	Watt	
Type	 Monocrystalline	 Monocrystalline	 Monocrystalline	
Pmax	 450	W	 550	W	 650	W	
Isc	 11.53	A	 18.52	A	 18.44	A	
Voc	 49.6	V	 37.9	V	 45.3	V	
Imp	 10.98	A	 17.40	A	 17.39	A	
Vmp	 41.0	V	 31.6	V	 37.4	V	
Dimensions	(mm)	 2102	x	1040	x	35	 2384	x	1303	x	35	 2384	x	1303	x	35	
Weight	 24	kg	 33.6	kg	 33.9	kg	
Price	 Rp	976.609	 Rp.	1.493.000	 Rp.	 2.986.000	
	

In	designing	the	hybrid	PV	system	for	the	coffee	shop,	Trina	Solar	panels	of	450Wp,	550Wp,	and	
650Wp	were	used	because	their	range	of	power	ratings	and	sizes	allows	for	customization	to	roof	
conditions	and	energy	requirements.	Economically,	this	combination	offers	a	competitive	price	per	
watt-peak:	450Wp	4its	limited	budgets,	550Wp	balances	capacity	and	cost,	and	650Wp	delivers	high	
output	for	long-term	ef4iciency.	The	differences	in	current	and	voltage	among	the	panels	also	provide	
4lexibility	in	integrating	with	inverters	and	batteries,	improving	system	performance	ef4iciency.	

2.5. Battery Specification 
The	selection	of	 three	battery	 types-VRLA	200Ah,	LiFePo4	200Ah,	and	another	VRLA	200Ah	

variant-in	the	design	of	the	hybrid	PV	system	for	the	coffee	shop	aims	to	provide	4lexibility.	Although	
the	capacity	and	design	life	are	similar,	they	differ	in	weight,	price,	and	technology.	LiFePo4	is	lighter	
and	more	ef4icient	for	limited	space,	while	VRLA	is	more	economical	to	keep	initial	costs	down.	These	
three	 options	 allow	 customization	 based	 on	 priorities,	 whether	 emphasizing	 initial	 cost,	 spare	
capacity,	or	ef4iciency	 in	 installation	size	and	weight.	The	battery	speci4ications	used	are	 listed	 in	
Table	2.	

Table	3.	Battery	Speci4ications	
Parameters	 SpeciPication	
Type	 VRLA	 LiFePO4	 VRLA	
Voltage	Nominal	 12V	 12	V	 12	V	
Capacity	Nominal	 200	ah	 200	ah	 200	ah	
Dimensions	(mm)	 522	x	240	x	219	 320	x	170	x	220	 533	x	240	x	244	
Weight	 59	kg	 20	kg	 65	kg	
Design	Life	 10	years	 10	years	 10	years	
Price	 Rp.	4.500.000	 Rp.	6.617.518	 Rp.	5.600.000	
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2.6. Inverter Specification 
Inverters	with	 these	 speci4ications	were	 chosen	because	 they	 can	 accept	PV	 inputs	 of	 up	 to	

800W,	match	the	capacity	of	 the	designed	system,	and	support	a	wide	MPPT	voltage	range	(120-
450VDC)	to	maximize	energy	production	under	various	solar	panel	conditions.	Equipped	with	two	
MPPT	 trackers,	 the	 system	 can	 independently	 manage	 two	 panel	 strings,	 enhancing	 ef4iciency,	
especially	on	roofs	with	different	orientations	or	shading.	The	 inverter	used	has	speci4ications	as	
listed	in	Table	3.	

Table	4.	Inverter	SpeciJications	
Max	PV	Input	Power	 8000	W	

PV	Input	(DC)	 Battery	&	Charger	
Nominal	DC	
Volt/Max	DC	
Voltage	

360VDC/450VDC	 Battery	Type	
Supported	

Lead	Acid/VRL	AVAGM/Deep	

Startup	Voltage/	
Initial	Feeding	

120	VDC	 Cycle/Gel/Flooded/Tubular/Lithium-	
Ion	

MPPT	Voltage	
Range	

120-450VDC	 Nominal	
Battery	Voltage	

48Vdc	

No.	of	MPPT	
Tracker	

2Pcs*18A	MPPT	Tracker	
(4000W*2)	

Max	Solar	
Charge	Current	

120A	

AC	Input	(AC)	 Max	AC	Charge	
Current	

120A	

AC	Start	up	
Voltage	

120Vac-140Vac/180Vac	 Nominal	Output	
Volt	

220Vac/230Vac/240Vac	

Acceptable	Input	
Voltage	Range	

90-280Vac	or	170-
280Vac	

Waveform	 Pure	sine	wave	

Max	AC	Input	
Current	

63A	 EfPiciency	(DC	
to	AC)	

93%	

Grid	Output	in	Gri-Tie/Hybrid	Operation	(AC)	 Physica	
Nominal	Output	
Volt	

220	Vac/230	Vac/240	
Vac,	Single	

Product	
Dimension	
(mm)	

552	x	422	x	152	

Phase	 Product	Net	
Weight	(kg)	

18.4	

Output	Voltage	
Range	

184V-265Vac	or	195-
253V	(selectable)	

Price	 Rp.	11.756.000/unit	

	

2.7. Queen Honey Bee Migration Algorithm (QHBM) 

	
Figure	4.	QHBM	Algorithm	Process	

The	Queen	Honey	Bee	Migration	Algorithm	(QHBM)	mimics	how	honey	bees	migrate	to	4ind	the	
best	place	to	build	a	new	hive.	In	this	algorithm,	there	are	two	main	roles:	the	queen,	which	makes	
decisions,	and	scout	bees	that	explore	eight	sectors	in	the	cardinal	directions	to	evaluate	potential	
sites	 (Aripriharta,	 Asnarindra,	 et	 al.,	 2023).	 Based	 on	 the	 reconnaissance	 results,	 scout	 bees	
communicate	with	a	waggle	dance	(excitement),	and	the	queen	selects	the	sector	with	the	highest	
likelihood	as	the	best	location	for	a	new	hive	(Aripriharta,	Bayuanggara,	et	al	2023).	
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Based	on	Figure	4,	the	Queen	Honey	Bee	Migration	(QHBM)	algorithm	features	eight	sectors	and	
three	main	stages:	scanning,	selection,	and	journey.	The	4irst	stage,	scanning,	involves	the	queen	bee	
performing	 the	 initial	 search,	 represented	 by	 the	 parameter	 pair	 (VPV,	 PPV).	 VPV	 is	 the	 output	
voltage	of	the	solar	panel	(in	volts),	while	PPV	is	the	output	power	(in	watt-peak).	During	this	stage,	
the	algorithm	evaluates	various	combinations	of	solar	panel	voltage	and	power	to	determine	if	they	
can	meet	the	coffee	shop's	daily	energy	needs.	After	scanning,	the	scout	bees	are	divided	into	eight	
sectors	based	on	cardinal	directions.	Each	scout	bee	(𝑐𝑗)	has	a	different	excitement	level,	calculated	
by	averaging	the	excitement	within	sector	j	using	equation	(10):	

𝐶9 =	
1
𝑛	i𝑒&9

'

934

	

Where	𝐶𝑗	represents	the	solution	quality	in	sector	j,	eij	is	the	excitement	score	of	the	i-th	scout	
bee,	 and	 n	 is	 the	 number	 of	 scout	 bees	 in	 that	 sector.	 In	 this	 research,	 excitement	 reolects	 the	
evaluation	of	the	initial	setup,	such	as	the	number	of	solar	panels	and	batteries.	The	second	stage	
involves	selection,	where	the	queen	bee	chooses	the	sector	with	the	highest	probability	as	the	next	
movement	direction.	This	probability	value	is	calculated	by	equation	(11):	

𝑃9 =
𝐶9
∑ 𝐶9:
9

	

Shows	the	probability	of	sector	j	being	selected	based	on	the	average	excitement	(Aripriharta,	
Bayuanggara,	et	al.,	2023).	In	this	study,	the	sector	with	the	highest	probability	value	provides	the	
best	 solution,	 namely	 the	 con4iguration	with	 the	 lowest	 energi	 cost	 of	 ownership	 (COE)	 and	 the	
highest	renewable	fraction	(RF).	The	third	stage	is	the	journey,	where	the	queen	bee	moves	toward	
the	chosen	sector.	This	movement	is	modeled	through	the	following	equation	(12-14):	

𝑋%
('()*+) = X- + 𝑟%

('()*+) × 𝑐𝑜𝑠	𝜃	('()*+) 

𝑌%
('()*+) = Y- + 𝑟%

('()*+) × 𝑠𝑖𝑛	𝜃	('()*+) 

𝑟%
('()*+) = 61 − 𝐺%

('()):	𝑥	𝑟- 

Where	 𝑋;
(&%=>4)	 and	 𝑌;

(&%=>4)are	 the	 solution	 coordinates	 (number	 of	 panels	 and	 batteries),	
𝑟;
(&%=>4)		is	the	movement	distance,	𝜃	is	the	angle	direction,	𝐺;

(&%=)is	the	distance	reduction	factor	and	
	𝑟@	 is	 the	 initial	distance.	This	process	 iteratively	updates	 the	solution	until	an	optimal	hybrid	PV	
system	con4iguration	is	found	that	balances	cost	and	environmental	sustainability.		

After	reaching	a	new	sector,	the	queen	bee	takes	a	short	break	before	restarting	the	process	at	
the	scanning	stage.	This	cycle	continues	until	the	algorithm	4inds	the	optimal	solution.	

2.8. Validity and Reliability Test 
The	 validity	 test	 aims	 to	 con4irm	 that	 each	 questionnaire	 item	 effectively	 measures	 the	

theoretical	constructs	of	the	TAM	model:	Perceived	Usefulness	(PU),	Perceived	Ease	of	Use	(PEU),	
Attitude	 Toward	 Using	 (ATU),	 and	 Behavioral	 Intention	 (BI).	 In	 this	 study,	 the	 validity	 test	was	
performed	to	evaluate	how	well	the	questionnaire	captures	people's	perceptions	of	the	bene4its,	ease	
of	use,	attitudes,	and	willingness	to	adopt	hybrid	PV	systems.	The	two	types	of	validity	assessed	are	
convergent	validity,	which	ensures	that	items	within	the	same	construct	are	highly	correlated,	and	
discriminant	validity,	which	con4irms	that	items	from	different	constructs	are	not	overly	correlated,	
allowing	for	clear	differentiation	between	constructs.	The	validity	test	was	conducted	using	item-
total	correlations,	with	a	Pearson	correlation	coef4icient	(r)	≥	0.3	and	a	p-value	<	0.05,	indicating	a	
strong,	statistically	signi4icant	relationship	between	items	and	constructs.	In	addition,	the	reliability	
test	evaluates	the	internal	consistency	among	items	within	a	construct,	that	is,	the	degree	to	which	
items	reliably	measure	the	same	concept.	In	the	context	of	TAM,	this	ensures	that	items	such	as	PU1-
PU4	consistently	assess	the	perceived	bene4its	of	hybrid	PV	systems.	
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The	 reliability	 test	was	 conducted	 using	 Cronbach’s	 Alpha,	 a	 statistical	measure	 of	 internal	
consistency.	 While	 Cronbach’s	 Alpha	 measures	 reliability	 rather	 than	 validity,	 it	 shows	 how	
consistently	individual	items	in	a	survey	produce	similar	responses	(Frost,	2022).	A	high	alpha	value	
indicates	 that	 the	 items	 are	 measuring	 the	 same	 underlying	 construct.	 In	 this	 study,	 the	
interpretation	of	Cronbach’s	Alpha	is	as	follows:	values	of	0.70	or	higher	indicate	good	reliability,	
0.60–0.69	indicate	fair	reliability,	and	values	below	0.60	indicate	low	reliability.	Con4irming	adequate	
reliability	 and	 validity	 establishes	 the	 questionnaire	 as	 a	 trustworthy	 tool	 for	 measuring	 public	
acceptance	of	hybrid	PV	systems.	

3. RESULTS AND DISCUSSION 

3.1. Technical Feasibility Analysis of PV Hybrid 

3.1.1. Electrical Energy Needs at the Research Site 
The	calculation	of	electrical	energy	requirements	is	based	on	the	operating	time	of	13	hours	for	

some	existing	electrical	equipment.	Using	this	data,	𝑊𝑑	is	calculated	to	be	28.798	kWh.	Therefore,	
from	equation	(7),	the	energy	used,	𝑊𝑟𝑒𝑞,	is	calculated	as	:	

𝑊! = 	28.798 + ((35%)	𝑥	28.798 = 38.8773	𝑘𝑊ℎ	

3.1.2. PV System Capacity 
In	Malang	City,	the	average	solar	irradiation	(G)	in	a	year	is	3.86Wh/m²	where	the	average	peak	

sun	hour	lasts	from	10:00	am	to	2:30	pm	or	for	4.5	hours	each	day.	The	peak	power	of	the	PV	system	
(𝑃𝑃𝐿𝑇𝑆)	using	equation	(8).	

𝑊!&' =	
38.8773
3.86 + (20%)	𝑥	

38.8773
3.86 = 12.087	𝑘𝑊𝑝	

3.1.3. Battery Capacity 
In	this	study,	the	battery-autonomous	day	is	1,	the	Depth	of	Discharge	(DOD)	is	80%,	and	the	

battery	efficiency	(𝜂𝑏𝑎𝑡𝑡)	is	98%.	Then	the	calculation	of	battery	requirements	(𝑊𝑏𝑎𝑡𝑡)and	battery	
current	capacity	(𝐼𝑐𝑏𝑎𝑡𝑡)is	based	on	equation	(9):	

𝑊()** =	
1	𝑥	28.798
80%	𝑥	98% = 36.722	𝑘𝑊ℎ 

𝐼𝑐()** =	
36.722
12	𝑉 = 3.06	𝐴ℎ 

3.1.4. Inverter Capacity 
In	 this	 study,	 the	 inverter	power	 tolerance	 is	planned	 to	be	30%	and	 the	 inverter	ef4iciency	

(𝜂𝑖𝑛𝑣)	is	98%.	The	inverter	power	capacity	is	obtained	using	equation	(9)	as	follows:	

𝑃+,' = 38.8773	𝑥	98%+ (30%	𝑥	38.8773	𝑥	98%) = 49.5297	𝑘𝑊ℎ	

3.1.5. PV Energy Cost of Conventional Hybrid System 
To	get	the	COE	value,	the	calculation	of	the	capital	recovery	factor,	often	referred	to	as	CRF,	and	

all	operational	and	operating	costs	in	the	development	of	NPC	are	used.	

𝐶𝑅𝐹% =	
0,0412	(1 + 0,04125)-.

(1 + 0,04125)-. − 1 = 0,0649	

It	is	known	that	𝑖	is	the	real	interest	rate	(0.0412%),	and	𝑛	represents	a	25-year	system	usage	
period	to	obtain	a	CRF	of	0.0649	(6.49%).	The	net	present	cost	(NPC)	can	be	calculated	by	adding	
the	initial	capital	costs	(IC),	maintenance	and	operating	costs	(O&M),	and	component	replacement	
costs	(RC).	There	are	three	NPC	values	derived	from	each	PV	specioication.	
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𝐼𝑐 = (976.609𝑥27) + (4.500.000𝑥16) + (11.756.000) = 𝑅𝑝	110.124.443 

𝑁𝑃𝐶450𝑊𝑝 = 	110.124.443 + 87.451.500 + 83.765.000 = 𝑅𝑝	276. 482. 000 

𝐼𝑐 = (1.493.000	x	22) +	(4.500.000	x	16) +	(11.756.000) = 𝑅𝑅𝑝116.602.000 

𝑁𝑃𝐶550𝑊𝑝 = 	116.602.000 + 	87.451.500 + 	83.765.000 = 𝑅𝑝	𝑅𝑝287.809.500 

𝐼𝑐 = (2.986.000	x	19) + (4.500.000	x	16) +	(11.756.000) = 𝑅𝑅𝑝116.602.000 

𝑁𝑃𝐶650𝑊𝑝 = 	140.409.000 + 	87.451.500 + 	83.765.000 = 𝑅𝑝329.622.500 

The	value	of	NPC	is	calculated	by	adding	the	IC	results	to	the	O&M	costs,	which	are	derived	from	
3%	of	the	initial	capital	calculation	results.	The	cost	of	replacing	components	is	based	on	replacing	
batteries	with	a	10-year	lifetime	within	the	project	period,	while	the	inverter	has	a	12-year	lifetime.	
The	battery	components	will	be	replaced	twice	over	the	25-year	project	duration,	and	the	inverter	
component	will	be	replaced	once	during	this	period.	From	the	NPC	calculation	results,	an	equation	is	
derived	to	determine	the	COE	value	as	follows:	

𝐶𝑂𝐸450𝑊𝑝 =	
276.482.776	𝑥	0,0649

14.189.2245 = 𝑅𝑝1.246, 41𝑘𝑊ℎ 

𝐶𝑂𝐸550𝑊𝑝 =	
287.809.500	𝑥	0,0649

14.189.2245 = 𝑅𝑝1.315,87𝑘𝑊ℎ 

𝐶𝑂𝐸650𝑊𝑝 =	
329.622.500	𝑥	0,0649

14.189.2245 = 𝑅𝑝1.486, 55𝑘𝑊ℎ 

	
Figure	5.	Comparison	Chart	of	Accumulated	Costs	of	Hybrid	PV	and	PLN	

A	comparison	graph	in	Figure	5	displays	the	accumulated	costs	of	hybrid	PV	systems	versus	PLN	
R-3	over	25	years.	The	analysis	shows	that	the	450Wp	hybrid	PV	system	costs	Rp	1,246.41/kWh,	the	
550Wp	system	costs	Rp	1,315.87/kWh,	and	the	650Wp	system	costs	Rp	1,486.55/kWh.	By	year	25,	
the	450Wp	hybrid	PV	system	has	the	lowest	total	cost	at	IDR	442,139,789,	followed	by	the	550Wp	at	
IDR	466,779.31,	and	the	650Wp	at	IDR	527,324,792.	The	cost	difference	between	the	450Wp	hybrid	
PV	system	and	PLN	R-3	is	Rp	160,735,535,	illustrating	the	long-term	economic	bene4it	of	the	hybrid	
PV	system	run.	

3.2. Optimal Hybrid PV System Planning Results 
Optimal	PV	Hybrid	System	planning,	aimed	at	achieving	the	best	results,	is	performed	in	Python	

to	determine	the	minimum	energy	cost	(COE)	by	assessing	optimal	PV	and	battery	sizes.	It	focuses	
on	 maximizing	 RF	 renewable	 energy	 ratio,	 reducing	 carbon	 emissions	 (𝐸𝐶𝑂2),	 and	 increasing	
community	revenue.	The	study	examines	two	hybrid	PV	system	planning	scenarios:	1)	conventional	
hybrid	 PV	 system	 planning;	 2)	 heuristic	 hybrid	 PV	 system	 planning,	 which	 uses	 two	 heuristic	
optimization	methods.	Figure	6	illustrates	the	scout	and	particle	search	processes	used	to	identify	
the	optimal	values	for	the	two	algorithms.	It	shows	that	the	search	space	for	scouts	and	particles	is	
limited	to	the	RF	range	of	98.6-100%,	COE	between	Rp.	300.0	and	Rp.	600.0,	and	𝐸𝐶𝑂2	from	200	to	
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1200	kg	CO2.	These	constraints	align	with	the	subject's	limits.	The	graph	displays	three	clusters	of	
points,	 each	 representing	 the	 optimal	 results	 for	 scenario	 2	 obtained	 with	 the	 QHBM	 and	 PSO	
algorithms.	The	optimal	results	for	each	algorithm	are	indicated	by	the	color	of	the	clusters:	green	
for	QHBM	and	purple	for	PSO.	

	 	

	
Figure	6.	Multi-Objective	RF,	COE,	ECO2	

This	study	will	compare	the	optimization	results	of	the	QHBM	algorithm	and	Particle	Swarm	
Optimization	(PSO)	to	evaluate	the	QHBM	algorithm's	performance.	The	simulation	results	for	both	
algorithms,	QHBM	and	PSO,	are	shown	in	Table	5.		

Table	5.	QHBM	and	PSO	Simulation	Results	
Maxx	
Iterasi	

𝑷𝑷𝒗	
𝑾𝑷	

𝑵𝑷𝒗	
(pcs)	

𝑰𝒄𝒃𝒂𝒕𝒕	
(Ah)	

𝑵𝒃𝒂𝒕𝒕	
(pcs)	

COE	
(Rp/kWh)	

RF	
Optimal	
(%)	

𝑬𝑪𝑶𝟐	
(Kg)	

CA	 Objective	
Value	

Algoritma	QHBM	
100	 450	 23	 200	 10	 311.05	 99.82	 198.10	 3.74	 129.76	
100	 550	 20	 200	 10	 320.04	 99.87	 141.81	 3.74	 118.58	
100	 650	 19	 200	 10	 449.48	 99.77	 286.52	 3.74	 203.44	
	 	 	 	 Algoritma	PSO	 	 	 	

100	 450	 23	 200	 10	 390.99	 99.94	 95.15	 3.74	 133.69	
100	 550	 20	 200	 10	 339.10	 99.86	 141.81	 3.74	 126.68	
100	 650	 19	 200	 10	 643.38	 99.98	 19.11	 3.74	 204.41	

	

Based	on	the	results	of	the	optimization	simulation	conducted	on	the	hybrid	PV	system,	Table	5	
presents	 a	 performance	 comparison	 between	 the	 two	 heuristic	 algorithms.	 The	 optimal	
con4igurations	of	the	hybrid	PV	system	include	450	Wp	PV	capacity	with	23	panels	and	10	12V	200Ah	
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batteries;	550	Wp	with	20	panels	and	10	12V	200Ah	batteries;	and	650	Wp	with	19	panels	and	10	
12V	 200Ah	 batteries,	 generated	 by	 both	 algorithms.	 Additional	 evaluations	 were	 conducted	 on	
several	key	parameters,	 including	economic,	 environmental,	 and	 social	 aspects,	 as	well	 as	on	 the	
objective	function	value	as	an	indicator	of	solution	performance.	In	scenario	2,	the	QHBM	algorithm	
outperforms	 the	PSO	algorithm.	Speci4ically,	 the	QHBM	algorithm	 tracks	 the	minimum	hybrid	PV	
system	COE,	Rp.	320.04/kWh,	while	 the	PSO	algorithm	tracks	a	minimum	of	Rp.	339.10/kWh.	As	
shown	 in	Figure	7,	 the	QHBM	algorithm	can	explore	a	more	optimal	solution	space	 than	 the	PSO	
algorithm,	especially	for	minimizing	COE	without	sacri4icing	the	contribution	of	renewable	energy.	
In	the	same	scenario,	the	QHBM	algorithm	achieves	an	RF	of	99.87%,	slightly	higher	than	the	99.86%	
of	 the	 PSO	 algorithm.	 Although	 the	 RF	 difference	 between	 the	 two	 algorithms	 is	 only	 1%,	 the	
signi4icantly	 lower	 COE	 value	 obtained	 by	 the	 QHBM	 algorithm	 indicates	 it	 is	 more	 effective	 in	
producing	economically	ef4icient	solutions	while	still	supporting	energy	sustainability	goals	in	hybrid	
PV	systems.	

	
(a)	

	
(b)	

	
Figure	7.	Multi	Objective	COE	and	RF:	(a)	450Wp,	(b)	550Wp,	(c)	650Wp	

Figure	7	illustrates	the	relationship	between	COE	and	carbon	emissions	(𝐸𝐶𝑂2),	providing	an	
overview	 of	 how	 effective	 each	 algorithm	 is	 at	 generating	 cost-effective	 hybrid	 PV	 system	
optimization	solutions	that	also	consider	environmental	sustainability.	Based	on	the	simulation	data,	
the	QHBM	algorithm	consistently	 yields	 lower	COE	values	 than	 the	PSO	algorithm,	 especially	 for	
450Wp	and	550Wp	PV	conoigurations.	At	450Wp,	QHBM	reduces	COE	to	Rp	311.05/kWh,	while	PSO	
results	 in	 Rp	 390.99/kWh.	 This	 notable	 difference	 demonstrates	 better	 efoiciency	 from	 QHBM’s	
optimization.	 A	 similar	 trend	 is	 observed	 at	 550	 Wp,	 with	 QHBM	 achieving	 Rp	 320.04/kWh,	
compared	to	PSO's	Rp	339.10/kWh.	For	650	Wp,	PSO	results	in	a	COE	of	Rp	633.38/kWh,	whereas	
QHBM	results	in	Rp	449.48/kWh.	This	high	COE	indicates	overall	inefoiciency	at	this	capacity,	as	costs	
increase	 sharply	 in	 both	 algorithms,	 suggesting	 that	 excessive	 PV	 capacity	 does	 not	 yield	 cost	
beneoits.	 Regarding	RF,	 both	 algorithms	perform	very	well,	with	 values	 close	 to	 100%	across	 all	
conoigurations.	 PSO	 slightly	 outperforms	with	 RF	 values	 ranging	 from	 99.86%	 to	 99.98%,	while	
QHBM	 produces	 RF	 values	 from	 99.77%	 to	 88.87%.	 The	 small	 difference	 indicates	 that	 PSO	
marginally	enhances	the	integration	of	renewable	energy	into	the	system.	However,	this	minor	RF	
difference	 does	 not	 signioicantly	 impact	 overall	 system	 efoiciency	 compared	 to	 the	 energy	 cost	
savings	from	both	algorithms.	Overall,	although	PSO	has	a	slight	advantage	in	RF	performance,	the	
QHBM	algorithm	provides	a	more	economical	solution	without	signioicantly	sacrioicing	sustainability.	
Therefore,	from	the	perspective	of	simultaneously	optimizing	both	COE	and	RF,	the	QHBM	algorithm	
can	be	considered	superior	for	generating	the	optimal	hybrid	PV	system	conoiguration.	
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(a)	
	

(b)	

	
(c)	

Figure	8.	Multi	Objective	COE	and	Carbon	Emissions:	(a)	450Wp,	(b)	550Wp,	(c)	650Wp	

The	convergence	comparison	algorithms	shown	in	Figures	4.7	to	4.9	present	the	performance	
evaluation	results	of	the	QHBM	and	PSO	algorithms	for	optimizing	hybrid	PV	systems,	with	COE	as	
the	economic	factor	and	𝐸𝐶𝑂2	as	the	environmental	impact	indicator.	Regarding	𝐸𝐶𝑂2,	the	QHBM	
algorithm	demonstrates	more	 competitive	 results	 than	PSO.	 In	 the	450	Wp	conoiguration,	QHBM	
produces	198.10	kg	of	emissions,	which	 is	higher	than	PSO,	at	95.15	kg.	However,	 in	the	550	Wp	
conoiguration,	 both	 algorithms	 yield	 the	 same	 emission	 level	 of	 141.81	 kg.	 In	 the	 650	Wp	 setup,	
QHBM	results	in	emissions	of	286.52	kg,	whereas	PSO	only	emits	19.11	kg.	Nonetheless,	the	very	low	
emission	value	in	the	PSO	650	Wp	conoiguration	does	not	align	with	economic	efoiciency,	as	the	COE	
in	this	setup	remains	relatively	high.	This	highlights	a	signioicant	trade-off	between	economic	and	
environmental	 factors,	with	 the	 PSO	 algorithm,	 a	 trade-off	 that	 does	 not	 appear	with	 the	QHBM	
algorithm.	Overall,	the	QHBM	algorithm	provides	a	more	balanced	approach	between	cost	efoiciency	
and	 carbon	 emission	 reduction,	 without	 causing	 substantial	 increases	 in	 COE	 as	 seen	with	 PSO.	
Therefore,	 from	 an	 energy	 system	 sustainability	 perspective,	 QHBM	 can	 be	 considered	 superior	
because	it	effectively	optimizes	energy	costs	while	maintaining	competitive	carbon	emission	levels	
level.	

	
(a)	 	

(b)	
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(c)	

Figure	9.	Convergence	Comparison	Algorithm	:	(a)	450Wp,	(b)	550Wp,	(c)	650Wp	

Figure	9	compares	the	convergence	performance	of	the	QHBM	and	PSO	algorithms	in	4inding	
the	 optimal	 solution	 for	 multi-objective	 optimization	 of	 hybrid	 PV	 systems.	 In	 all	 three	
con4igurations,	 both	 algorithms	 decrease	 the	 objective	 function	 value	 within	 the	 4irst	 10	 to	 20	
iterations,	 indicating	 a	 strong	 initial	 ability	 to	 4ind	 near-optimal	 solutions.	 However,	 QHBM	
demonstrates	a	more	stable	convergence	pattern	and	reaches	a	lower	4inal	value	than	PSO,	especially	
in	the	450Wp	and	550Wp	con4igurations.	This	suggests	that	QHBM	is	more	effective	at	exploring	the	
solution	space	to	identify	the	best	combination	of	low	energy	costs	and	low	carbon	emissions.	For	
the	 450	Wp	 con4iguration	 shown	 in	 Figure	 9a,	 the	 QHBM	 algorithm	 achieved	 a	 lower	 objective	
function	value	than	PSO	at	around	15	iterations	and	maintained	stability	until	the	100th	iteration.	
This	pattern	is	similar	to	the	550Wp	con4iguration	in	Figure	9b,	where	both	algorithms	plateau	at	
nearly	the	same	value	after	the	20th	iteration,	with	QHBM	remaining	slightly	lower	than	PSO.	In	the	
650Wp	con4iguration	depicted	 in	Figure	9c,	 both	algorithms	demonstrate	 faster	 and	more	 stable	
convergence,	but	the	difference	in	the	4inal	value	is	negligible	due	to	the	very	high	COE	caused	by	the	
650Wp	 setup.	 This	 shows	 that	 low	 objective	 function	 values	 do	 not	 necessarily	 equate	 to	 cost	
ef4iciency	 in	a	multi-objective	 context,	 so	 the	 choice	of	 algorithms	and	con4igurations	 should	 still	
consider	the	balance	among	indicators.	Overall,	the	QHBM	algorithm	achieves	more	optimal,	stable	
objective	function	values,	highlighting	its	ability	to	simultaneously	minimize	energy	costs	and	carbon	
emissions.	

3.3. Analysis of Public Acceptance of Hybrid PV System 
Implementation 

3.3.1. Respondent Characteristics 
In	Table	6,	the	characteristics	of	respondents	in	this	study	include	two	main	variables:	gender	

and	the	latest	level	of	education,	along	with	responses	to	questionnaire	items	related	to	Perceived	
Usefulness	(PU),	Perceived	Ease	of	Use	(PEU),	Attitude	Toward	Using	(ATU),	and	Behavior	Intention	
(BI).	Respondents	by	gender	show	that	the	majority	are	male	(32,	62.7%),	and	female	respondents	
number	19	(37.3%).	Meanwhile,	regarding	the	 latest	 level	of	education,	most	respondents	have	a	
junior	high	school	background,	totaling	1	person	(2.0%),	followed	by	high	school	education	with	32	
people	 (62.7%),	and	a	bachelor's	degree	with	12	people	 (23.5%).	Additionally,	6	people	 (11.8%)	
reported	their	highest	level	of	education	as	“other”.	

	
Table	6.	Respondent	Characteristics	

Variables	 Total	
Gender	
Male	 32	People	
Female	 19	People	
Education	Level	
Junior	High	 1	Person	
High	School	 32	People	
Undergraduate	 12	People	
Other	 6	People	

	

3.3.2. TAM Questionnaire Validity and Reliability Test Results 
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Validity	 and	 reliability	 tests	 were	 conducted	 to	 ensure	 that	 the	 TAM	 questionnaire	 could	
accurately	 and	 consistently	measure	 public	 acceptance	 of	 hybrid	 PV	 systems.	 The	 questionnaire	
consisted	of	16	items	(4	items	each	for	PU,	PEU,	ATU,	and	BI)	and	was	completed	by	51	respondents	
using	a	1-5	Likert	scale.	Validity	was	tested	using	corrected	item-total	correlation	(criteria:	r	≥	0.3;	p	
<	0.05),	while	reliability	was	tested	with	Cronbach's	Alpha	(≥	0.7	=	good;	0.6-0.69	=	acceptable;	<	0.6	
=	poor),	using	Python.	The	validity	test	results	are	shown	in	Table	7	and	indicate	that	each	item	has	
an	adequate	correlation	to	the	construct	being	measured.	

Table	7.	Validity	Test	Results	
Construct	 Item	 Item-Total	Correlation	 P-Value	 Description	

Perceived	Usefulness	
(PU)	

PU1	 0,618	 8,111e-07	 Valid	
PU2	 0,458	 5,597e-04	 Valid	
PU3	 0,400	 2,987e-03	 Valid	
PU4	 -0,122	 3,854e-01	 Not	Valid	

Perceived	Ease	
of	Use	(PEU)	

PEU1	 0,719	 1,310e-09	 Valid	
PEU2	 0,822	 4,376e-14	 Valid	
PEU3	 0,773	 1,240e-11	 Valid	

Attitude	Toward	 Using	(ATU)	 ATU1	 0,776	 9,095e-12	 Valid	
ATU2	 0,841	 3,065e-15	 Valid	
ATU3	 0,799	 7,209e-13	 Valid	

Behavior	Intention	(BI)	 BI1	 0,483	 2,459e-04	 Valid	
BI2	 0,564	 1,111e-05	 Valid	
BI3	 -0,051	 7,184e-01	 Not	Valid	
BI4	 0,449	 7,549e-04	 Valid	

	

The	 reliability	 test	 evaluates	 the	 internal	 consistency	 of	 items	 within	 each	 construct	 using	
Cronbach's	 Alpha.	 The	 reliability	 criteria	 are:	 Alpha≥0.7	 (good),	 0.6-0.69	 (acceptable),	 and	 <0.6	
(poor).	The	results	of	the	reliability	test	are	shown	in	Table	8.	

Table	8.	Reliability	Test	Results	
Construct	 Cronbach’s	Alpha	 Description	
Perceived	Usefulness	(PU)	 0,455	 Poor	
Perceived	Ease	of	Use	(PEU)	 0,882	 Good	
Attitude	Toward	Using	(ATU)	 0,902	 Good	
Behavioral	Intention	(BI)	 0,464	 Poor	

	

The	reliability	test	results	show	that	the	PU	construct	has	a	Cronbach's	Alpha	of	0.455	(<0.6),	
indicating	 low	 reliability.	 This	 aligns	with	 the	 validity	 test	 results,	which	 reveal	 that	 item	PU4	 is	
invalid,	 suggesting	 low	 internal	 consistency	 for	 the	 PU	 construct,	 possibly	 due	 to	 differences	 in	
respondents'	answers	or	the	items'	relevance	to	the	coffee	shop	context.	The	PEU	construct	achieved	
a	value	of	0.882	 (≥	0.7),	 indicating	high	 reliability	 and	good	consistency	among	 items	measuring	
perceived	ease	of	use.	The	ATU	construct	also	showed	high	reliability	(0.902;	≥	0.7),	con4irming	the	
consistency	of	 its	 items	 in	assessing	 respondents'	 attitudes.	Conversely,	 the	BI	 construct	has	 low	
reliability	 (0.464;	 <	 0.6),	 consistent	 with	 the	 validity	 results	 indicating	 that	 item	 BI3	 is	 invalid,	
thereby	contributing	to	the	construct's	low	internal	consistency.	

3.4. Analysis of Respondent Results 
Based	on	the	analysis	of	51	respondents,	average	scores	for	the	four	main	variables	in	TAM	were	

calculated:	PU,	PEU,	ATU,	and	BI.	The	PU	score	was	3.86,	suggesting	that	respondents	found	the	PV	
system	quite	useful	 for	coffee	shop	operations.	The	PEU	score	 is	slightly	 lower	at	3.39,	 indicating	
more	mixed	perceptions	of	 the	system's	ease	of	use.	The	ATU	value	of	3.86	points	 to	a	generally	
positive	attitude	toward	using	the	PV	system,	while	the	BI	score,	also	at	3.86,	re4lects	a	relatively	high	
intention	 to	 adopt	 the	 system.	Overall,	 these	 4indings	 indicate	 a	 positive	 public	 perception	 of	 PV	
systems	regarding	usability,	convenience,	attitude,	and	willingness	to	adopt	renewable	energy.	The	
following	equation	is	used	to	calculate	the	average	value	of	public	acceptance:	

𝐶𝐴 =	
14.976
4 = 3.744	
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Based	on	the	average	calculation	of	the	top	4ive	respondents'	data,	a	value	of	3,744	was	obtained.	
This	value	is	the	sum	of	the	average	scores	of	all	the	main	variables,	namely	PU,	PEU,	ATU,	and	BI	
from	each	respondent.	This	result	indicates	a	high	level	of	public	acceptance	for	the	implementation	
of	hybrid	PV	systems,	as	it	is	close	to	the	Likert	scale	number	used	5.	

3.5. Descriptive Statistical Analysis of Variables 
Table	9	presents	the	average	values	for	each	main	variable,	including	PU,	ATU,	PEU,	and	BI.	

Table	9.	Descriptive	Statistics	of	Main	Variables	
Mean	Value	of	Key	Variables	

PU	 3.860	
PEU	 3.392	
ATU	 3.862	
BI	 3.862	

	

The	results	in	Table	9	show	that	the	mean	values	of	PU	and	ATU	are	in	the	high	category	(mean	>	
4),	indicating	that	most	respondents	strongly	perceive	the	bene4its	of	using	PV	systems	and	hold	a	
positive	attitude	toward	renewable	energy.	This	4inding	aligns	with	the	TAM	framework,	where	PU	
is	a	key	factor	in4luencing	attitude	(ATU)	and	behavioral	intention	(BI).	Meanwhile,	the	PEU	variable	
has	 an	 average	 value	 of	 3.39,	 which	 is	 lower	 than	 that	 of	 the	 other	 variables.	 This	 re4lects	
respondents'	varied	perceptions	of	the	system's	ease	of	use,	suggesting	that	*usability*	remains	a	
challenge	in	adopting	PV	technology.	For	the	BI	variable,	the	average	value	of	3.86	is	similar	to	ATU,	
indicating	 a	 fairly	 strong	 behavioral	 intention	 among	 respondents	 to	 adopt	 or	 recommend	 PV	
systems	 in	 the	 future.	Regarding	standard	deviation,	PU	has	a	value	of	0.692,	showing	consistent	
assessments	of	system	bene4its	with	minimal	variation	among	respondents	(a	minimum	of	1	and	a	
maximum	of	5).	PEU	has	the	highest	standard	deviation	of	0.837,	highlighting	differing	perceptions	
of	ease	of	use.	Meanwhile,	ATU	and	BI	have	standard	deviations	of	0.785	and	0.779,	respectively,	
re4lecting	 differences	 in	 experience	 but	 still	 suggesting	 tendencies	 toward	 positive	 attitudes	 and	
intentions	to	use	PV	systems.	

3.6. Correlation Analysis Between Variables 
Based	 on	 Table	 10,	 the	 correlation	 matrix	 for	 the	 TAM	 model	 reveals	 a	 varied	 pattern	 of	

relationships	among	PU,	PEU,	ATU,	and	BI.	This	correlation	was	calculated	using	Python	to	ensure	
accurate	and	ef4icient	data	analysis.	The	correlation	matrix	shows	the	linear	relationships	between	
variables.	A	value	of	1.00	on	the	main	diagonal	(PU-PU,	PEU-PEU,	ATU-ATU,	BI-BI)	indicates	perfect	
correlation	of	a	variable	with	itself.	This	value	is	standard	in	correlation	matrices	and	requires	no	
additional	interpretation.	

Table	10.	Correlation	Matrix	between	Variables	
Correlation	Matrix	between	Variables	
	 PU	 PEU	 ATU	 BI	
PU	 1.00	 0.20	 0.23	 0.23	
PEU	 0.20	 1.00	 0.90	 0.92	
ATU	 0.23	 0.90	 1.00	 0.96	
BI	 0.23	 0.92	 0.96	 1.00	

	

In	Figure	10,	the	correlation	between	the	PU	and	PEU	variables	is	0.20,	indicating	a	positive	yet	
weak	 relationship.	 This	 suggests	 that	 perceived	 ease	 of	 use	 only	minimally	 in4luences	 perceived	
usefulness	of	 technology.	 In	 the	context	of	 the	TAM	model,	 the	relationship	between	PU	and	PEU	
should	be	stronger,	since,	in	theory,	easy-to-use	technology	is	usually	perceived	as	more	useful.	This	
weak	correlation	indicates	that	respondents	in	this	study	viewed	usability	(PU)	and	ease	of	use	(PEU)	
as	two	relatively	independent	dimensions.	That	is,	although	the	PV	system	is	easy	to	use,	it	may	not	
necessarily	be	seen	as	very	useful,	or	conversely,	the	system	may	be	considered	useful	even	if	it	is	
not	entirely	easy	to	use.	
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Figure	10.	Correlation	between	PU	and	PEU	Variables	

The	 correlation	 between	 PU	 and	 ATU	 in	 Figure	 11	 (0.236)	 indicates	 a	 weak-to-moderate	
positive	relationship.	This	suggests	that	usability	has	only	a	limited	in4luence	on	technology	use.	The	
relatively	low	correlation	suggests	that	the	ease-of-use	factor	plays	a	more	prominent	role	in	shaping	
attitudes	toward	renewable	technology.	

	
Figure	11.	Correlation	between	PU	Variable	and	ATU	

The	 relationship	between	PU	and	BI	 shows	a	weak-to-moderate	positive	 correlation,	with	 a	
value	of	0.233,	as	shown	in	Figure	12.	These	results	suggest	that	users'	perceptions	of	their	intention	
to	use	technology	do	not	signi4icantly	 impact	perceived	usefulness.	This	 low	correlation	 indicates	
that	attitudinal	factors	and	ease	of	use	might	have	a	greater	in4luence	on	users'	behavioral	decisions	
intentions.	

	
Figure	12.	Correlation	between	PU	and	BI	Variables	

Meanwhile,	in	Figure	13,	the	relationship	between	PEU	and	BI	exhibits	a	very	strong	correlation	
of	0.922.	This	 value	 indicates	 that	 the	 ease	of	 use	of	 renewable	 energy	directly	 in4luences	users'	
behavior.	In	the	TAM	model,	this	relationship	includes	two	pathways:	the	direct	effect	of	PEU	on	BI	
and	the	indirect	effect	through	attitude	mediation.	This	high	correlation	demonstrates	that	perceived	
ease	of	use	signi4icantly	impacts	user	attitudes	toward	renewable	energy	technology.	
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Figure	13.	Correlation	between	PEU	and	BI	Variables	

Figure	14	shows	the	relationship	between	PEU	and	ATU,	with	a	value	of	0.90.	This	indicates	that	
the	 ease	 of	 use	 of	 technology	 is	 a	 key	 factor	 in	 shaping	 positive	 attitudes	 towards	 renewable	
technology	systems.	

	
Figure	14.	Correlation	between	PEU	and	ATU	Variables	

The	relationship	between	ATU	that	affects	BI	in	Figure	15	shows	a	relationship	with	a	value	of	
0.969.	Where	the	attitude	towards	behavior	indicates	that	the	respondent's	positive	attitude	towards	
using	 technology	 is	 consistently	 followed	 by	 behavior	 involving	 renewable	 technology.	 This	
relationship	shows	high	construct	validity	and	is	consistent	with	the	TAM	model.	

	
Figure	15.	Relationship	between	ATU	and	BI	Variables	

The	results	of	the	correlation	analysis	across	variables	indicate	that	the	PU	variable	shows	a	
consistent	but	weak	correlation	with	the	other	variables,	ranging	from	0.20	to	0.24.	Meanwhile,	the	
relationships	between	PEU,	ATU,	and	BI	variables	show	an	inverse	relationship	with	the	PU	variable,	
with	high	correlations	exceeding	0.90.	This	pattern	indicates	that	the	in4luence	path	from	PEU	to	ATU	
and	then	to	BI	is	the	primary	route	in	the	TAM	model,	while	PU's	contribution	to	other	variables	tends	
to	be	limited	and	insigni4icant.	

4. CONCLUSIONS 
This	 research	 conducts	 optimal	 planning	 of	 hybrid	 PV	 systems	 with	 batteries	 to	 achieve	

minimum	electrical	energy	costs	that	are	environmentally	friendly	and	acceptable	to	the	community.	
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The	optimization	process	using	the	Queen	Honeybee	Migration	(QHBM)	algorithm	yielded	the	best	
con4iguration	in	the	second	scenario:	20	units	of	550	Wp	solar	panels	and	10	units	of	12V	200Ah	
batteries.	This	con4iguration	resulted	in	a	Cost	of	Energy	(COE)	of	Rp320.04/kWh,	with	potential	cost	
savings	of	more	than	Rp340	million	compared	to	conventional	electricity.	In	addition,	the	Renewable	
Fraction	 (RF)	 reached	99.87%,	 far	 exceeding	 the	 optimal	 threshold	 of	 80%,	 and	 reduced	 carbon	
emissions	 by	 141.8	 kgCO₂,	 in	 line	 with	 energy	 sustainability	 principles	 and	 emission	 reduction	
targets.	From	a	social	perspective,	the	survey	results	indicate	that	community	acceptance	of	hybrid	
PV	systems	is	quite	high,	with	an	average	score	of	3.744	on	a	Likert	scale	of	1-5.	Correlational	analysis	
using	the	Technology	Acceptance	Model	(TAM)	identified	the	Perceived	Ease	of	Use	(PEU),	Attitude	
Toward	 Using	 (ATU),	 and	 Behavioral	 Intention	 (BI)	 path	 as	 the	 dominant	 pathway	 in	 shaping	
technology	usage	intention.	These	4indings	indicate	that	the	QHBM-based	multi-objective	approach	
that	integrates	technical,	economic,	environmental,	and	social	aspects	is	highly	feasible	to	apply	at	
the	MSME	scale,	especially	for	coffee	shop	businesses	in	Malang	City.	
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