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[bookmark: _Toc285979052]1. Model operation and optimisation process
An overview of the user-selectable input parameters is displayed in Table S1. Other values, for example technology performance specifications, are predefined in the model but can be edited as necessary. 

Table S1 Choices for input parameters in the optimisation process. Values marked with an asterisk (*) can take any value; in this case the displayed values are those used in the Baseline scenario as a reference. Relevant parameters mentioned in the text below have their notation shown.
	Parameter
	Possible Inputs
	Notation

	PV Technology
	c-Si, CPV, OPV, OPV (Future), CdTe
	-

	Battery Storage Technology
	Li-ion, Lead acid
	-

	PV Capacity (kWp)
	0 – 50*
	PVmin – PVmax

	Storage Capacity (kWh)
	0 – 200*
	Bmin – Bmax 

	Demand Type
	Lighting and basic services, Income generating
	-

	Location
	Ladakh, Barmer, Dhemaji
	-

	Village Population
	500*
	-

	Population Density (Inhabitants km-2)
	1000*
	-

	Shortfall (%)
	0 – 100
	U

	Diesel Backup
	Yes, No
	-

	System Lifetime (Years)
	20*
	T



For the given user-chosen parameters, the optimisation algorithm is run. For a PV array size PVi ∊ [PVmin, PVmax] and battery size Bj ∊ [Bmin, Bmax] the system Sij in matrix S is considered. Calculations are performed for one-hour time steps over the system lifetime, T. 

An irradiance It is converted into total electricity generated, Etgen, by PVi in time step t after loss factors kgen due to efficiency, degradation and system losses are taken into account:



The demand Dt is then drawn from Etgen to satisfy the present consumption, after which the remaining power Rt is treated:





For a battery state of charge Ct at time step t subject to conversion losses included in kbat. For Rt > 0 the battery is charged by the PV generation and for Rt < 0 power is drawn from the battery to meet demand. To preserve the lifetime of the battery, C is subject to the condition that its state of charge must remain between defined proportions of Bj (Cmin and Cmax); in the case of Li-ion this is between 33-80% of its rated capacity. The conditions for power supply are:

	If
	Rt > 0
	and
	Cmin < Ct+1 < Cmax
	then
	kbat < 1
	and
	Battery charges

	
	Rt > 0
	
	Ct+1 > Cmax
	
	
	
	Battery charges to Cmax only, excess energy is dumped

	
	Rt < 0
	
	Cmin < Ct+1 < Cmax
	
	kbat > 1
	
	Battery discharges to meet demand

	
	Rt < 0
	
	Ct+1 < Cmin
	
	
	
	Battery discharges to Cmin only, remaining demand is unsatisfied.



The process is repeated for all time steps t in the system lifetime T and for all systems in S, which are analysed to find the optimum. Each system has associated total discounted costs, cumulative emissions and energy use calculated from the user input parameters. LCUE is used as the optimisation criterion and is calculated for each system in S. The system with the minimum LCUE, Smin, is selected subject to the condition



for Etused, energy used in each time step, and selected shortfall U. This condition ensures the minimum required demand has been met. The metrics mentioned in the main text are recorded for Smin. 

For hybrid systems using diesel generation, U is set to zero (as all of the demand is being met) and when Rt < 0 and Ct+1 < Cmin, diesel power Gt meets the shortfall via



This calculation is performed for each hybrid system Hij with PV array size PVi and battery storage size Bj. From the resulting matrix of hybrid systems H, the system with the lowest LCUE, Hmin, is selected as the optimum.
[bookmark: _Toc285979053]2. CdTe hybrid systems
At present c-Si PV has a far greater market share than CdTe and as such was chosen as the technology for the Baseline scenario in the main text and elsewhere. Despite this, CdTe was found to offer not only a lower LCUE but also lower specific emissions for PV-storage systems, and as such Figure S1 provides an analogue to Figure 7 in the main text using CdTe, Li-ion storage and diesel generation in a hybrid system to meet 100% of demand. 

[image: Macintosh HD:Users:prs09:Dropbox:PhD:PVBOT:PVBOT Paper Draft:Submission:Solmat Submission:Solmat Figures:Sandwell_Figure_S1.tif]

Figure S1 a) LCUE and b) carbon intensity of a PV-storage-diesel hybrid system using CdTe and lithium-ion batteries meeting 100% of demand. White lines correspond to shortfall from the PV and storage system, which is now met by diesel generation. CdTe offers lower LCUE and specific emissions than c-Si. Note the difference in scale of the colour bar between this figure and Figure 7. 
For well-optimised systems, a hybrid system using CdTe can provide electricity at a lower cost and specific emissions than c-Si hybrid systems. This could encourage the wider use of CdTe technology ahead of c-Si. 

[bookmark: _Toc285979054]3. Future hybrid systems optimisation
The analysis performed in Section 3.5 of the main text optimises hybrid systems for a range of diesel and storage prices, reflecting the likely trend in costs and the effect on which system is the cheapest option over the system lifetime. 

For this analysis two new parameters, storage price Lp ∊ [Lmin, Lmax] and diesel price Fq ∊ [Fmin, Fmax], are considered from user-selected maxima and minima. In this model L and F are defined to be the prices at the start of the simulation and are discounted in the same way as for the optimisation process described in Sections 2.2 of the main text and Section 1.

For each Lp and Fq the LCUE optimisation process is used to find Hminpq and the model outputs are recorded. The proportion of electricity used supplied by diesel for each system Hminpq is taken to be the element Dpq in matrix D and the specific emissions of Hminpq are taken to be the element Apq in matrix A. The values in matrices D and A are plotted for all values of L and F in Figures 8a) and 8b) respectively in the main text and also in Figure S2a) and S2b) of Section 4. 

The price of diesel is expected to increase in the long term, whilst the price of Li-ion battery storage is expected to decrease. An indication of expectations is shown on the graphs as a trend line using values shown in the Table S2.

Table S2 Expected storage and diesel prices between 2015-2025. Increasing diesel prices and decreasing storage prices are expected to make hybrid systems with the majority of power generated from PV more cost-effective than diesel-dominated systems.
	Year
	Li-ion storage price ($/kWh) 43, 44, 64
	Diesel price ($/litre) 61-63

	2015
	350
	0.67

	2018
	225
	0.89

	2020
	207
	1.08

	2022
	167
	1.31

	2025
	122
	1.74

	Annual change
	- 10 %
	10 %



[bookmark: _Toc285979055]4. CdTe future hybrid systems
[bookmark: _GoBack]As the hybrid systems using CdTe offer lower LCUEs and specific emissions than their c-Si counterparts, an analysis parallel to Section 3.5 was undertaken. Similarly to Figure 8, Figure S2 shows that a transition to the optimum system being powered by PV and storage for the majority of the time happens around 2018, and indeed happens earlier than for c-Si. 
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Figure S2 a) Fraction of demand met by diesel generation and b) the resultant specific emissions for the cheapest LCUE system using CdTe at given storage and diesel prices. The possible price evolution is shown for the period 2015-2025 and displays a transition period between 2015 and 2020 when the cheapest system is not only powered mainly by PV and storage, but also has the lowest specific emissions.
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