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DISCLOSURE: An earlier version of this paper was presented at the Second Eskom System Dynamics Conference on the 12th November 2014 in Johannesburg, South Africa. The paper was included in the conference proceedings under the title ‘Engaging the challenges of municipal water service delivery using system dynamics’. The conference proceedings are currently in-preparation by Crown Publishers (ISBN 978-0-620-64282-8).

This paper significantly differs to the earlier, working version in the following ways:
1) The model structure has been changed in the ‘demand sub-model’ and the ‘revenue sub-model’; the ‘emergency water sub-model’ included in the earlier paper (which was supplementary and did not effect model behaviour) has been removed;
2) The description of the model structure (the focus the earlier version) now forms an appendix;
3) Four data variables have been included in the ‘demand sub-model’ to simulate population growth and housing trends more accurately, therefore changing the model drivers;
4) The causal loop diagram has been updated and refined; lookup graphs for all table functions are included; and supporting data for parameters and initial values are provided; 
5) A sensitivity analysis is included as supplementary material; and
6) A discussion on model use, policy relevance, stakeholder engagement and face validation is included.
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[bookmark: _Ref287728090]  Description and specification of the modes of failure model
A.1. Demand sub-model

The demand sub-model features two stocks that accumulate the number of ‘unconnected’ and ‘connected’ households in the Greater Kirkwood area (see Figure A.1). The stocks are linked using an ‘aging chain’ model structure (Sterman, 2000). The unconnected households (UCH) stock groups all households that receive a basic supply level of water services, whilst the connected households (CH) stock groups all the households that are connected to the municipal bulk water supply and waterborne sanitation network. The first stock (UCH) is influenced by the growth in the number of unconnected households (rgbs) and the household connection rate (rc), as follows: 
			(1)
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[bookmark: _Ref287699521]Figure A.1: Stock-flow structure of the demand sub-model.
The growth in the number of connected households (rgbs) is influenced by the population trends in the Sundays River Valley Municipality (SRVM), which are modelled using a data variable that exogenously drives population growth in Greater Kirkwood. This data variable – ‘Kirkwood population DATA’ – uses the average annual growth rate in the Greater Kirkwood region, drawing on historical data from 2001 to 2011 (see Table B.2 for data source). The population is divided in the MoF model into three parts: connected households population; unconnected households population; and the ‘remaining population requiring households’ (RPR). The household populations are calculated using data variables for the average number of people per household, with the assumption that unconnected households have (on average) a higher number of people per household than ‘connected households’ do. The ‘remaining population requiring households’ (RPR) variable calculates the difference of the two household populations against the overall Kirkwood population, in order to estimate the housing backlog. The fraction of remaining population moving into Kirkwood (FrREM) is given as a constant, with the growth in the number of connected households (rgbs) therefore given as:
				(2)
Households move from the stock of unconnected households (UCH) to the stock of connected households (CH) according to an ‘average connection rate’, which is also given as a data variable drawing on historical data of household connections between 2005 and 2013 (see Table B.2). Information is individually drawn from the stock of unconnected households (UCH) and connected households (CH) to calculate the water demand of each household type, using ‘average annual water use’ statistics drawn from municipal planning reports (Amatola Water, 2014; Kwezi V3 Engineers, 2005). The variable ‘current TOTAL water demand’ (CTWD) is calculated as the sum of the ‘current total household water demand’ (CTHD) and the ‘current total water demand from other urban users’ (CTO), where CTO is calculated as follows: 
					(3)
Whilst simplistic, the formulation for CTO is an appropriate approximation of the water demand of other urban users in the Greater Kirkwood area.

A.2. Water service delivery sub-model

The MoF model represents the municipality’s attempt to meet the water demand outlined above via a ‘water service delivery’ sub-model. This water service delivery sub-model apportions the ‘current supply of water’ between the different user groups (unconnected households, connected households, and ‘other urban users’ – see Figure A.2). The water delivered to unconnected households (WdlUC) is calculated as the water demand of unconnected households (WDUC) over the current total water demand (CTWD), multiplied by the current supply of water (CSoW), represented as:
					(4)
This same structure is used for the variables ‘water delivered to other urban users’ and for ‘water delivered to connected households’. In this way, the current supply of water (CSoW) is equally apportioned according to the water demand of the individual groups in relation to the current total water demand. The gap between a groups demand for water, and the quantity of the water actually delivered, is calculated as a ‘discrepancy’. Hence, to use the unconnected household example, the discrepancy in water delivered to unconnected households (DWdlUC) is simply the water demand of unconnected households (WDUC) less the water delivered to unconnected households (WdlUC): 
				(5)
The current total discrepancy (CTD) is the sum of this discrepancy (discrepancy in water delivered to unconnected households) and the discrepancies of water delivered to connected households and water delivered to other urban users. The variable current total discrepancy (CTD) drives the demand for additional infrastructure capacity, which is explained in the infrastructure sub-model below. 
[image: ]
[bookmark: _Ref287699626]Figure A.2: Stock-flow structure of the water service delivery sub-model
A.3. Infrastructure sub-model

The infrastructure sub-model is at the heart of the MoF model. The sub-model consists of three stocks, linked using an aging chain model structure (see Figure A.3). The description of the infrastructure sub-model (in this sub-section) follows the aging chain from the first stock onwards. As mentioned above, the current total discrepancy (CTD) drives the demand for additional infrastructure capacity. This demand is modelled in MoF as the first stock in the aging chain of the infrastructure sub-model: this stock, required additional capacity (RAC), increases with the recognition of discrepancy (rrds) and decreases with refurbishment and construction initiation (rrfc): 
			(6)
The recognition of discrepancy (rrds) is calculated as the current total discrepancy (CTD) over the time to identify discrepancy (TtID), using the following structure:
		(7)
Municipal staff capacity is required in order to initiate the refurbishment of current infrastructure, or the construction of new infrastructure. This staff capacity is referred to as ‘secondary activities’ in the MoF model (in comparison to ‘primary activities’, which include the operation and maintenance of current water supply infrastructure as one part of the technical directorate’s responsibilities for municipal service delivery). The variable ‘technical staff capacity constraints on secondary activities’ (TSc2A) is explained in the staffing sub-model (see sub-section A.5). Here the variable is described in terms of its influence on the refurbishment and construction initiation rate (rrfc), which is modelled as: 
			(8)
where the rate (rrfc) returns the minimum of two formulations: the product of the required additional capacity (RAC) and the perception of urgency (PoU), or the technical staff capacity constraints on secondary activities (TSc2A) multiplied by 0.25. The second formulation acts as the constraint on refurbishment and construction initiation, saying that when the available technical capacity to perform work is reduced (for example when municipal officials are dealing with crises), then only 25% of technical staff attention is given to refurbishing and constructing infrastructure. The remaining 75% of attention is given to completing the infrastructure that is currently under construction and in the process of refurbishment, which is the second stock in the aging chain, and described here.

The stock ‘infrastructure under construction and refurbishment’ (IuCR) increases according to the refurbishment and construction initiation rate (rrfc) and decreases with the outflow of the ‘infrastructure completions’ rate (rico), which is mathematically represented as:
			(9)
Where the infrastructure completions rate (rico) is modelled as follows: 
				(10)
The infrastructure completions rate (rrfc) copies the refurbishment and construction initiation rate (rrfc) (refer equation 8) by returning the minimum of two formulations: either the infrastructure under construction and refurbishment (IuCR) over the average refurbishment and construction time (aCRt), or technical staff capacity constraints on secondary activities (TSc2A) multiplied by 0.75 (for the reasons outlined in the description following equation 8).

The last stock in the aging infrastructural chain is infrastructure capacity (IC). The MoF model uses this stock to aggregate the infrastructure capacity of the Greater Kirkwood WSS. This aggregate stock of infrastructure capacity (IC) increases with the inflow of infrastructure completions (rico) and decreases according to the outflow ‘obsolescence rate’ (robs), and is mathematically represented as:
				(11)

[image: ]
[bookmark: _Ref287699711]Figure A.3: Stock-flow diagram of the Infrastructure sub-model (in blue) and the Maintenance sub-model (in red).

The infrastructure completions rate (rico) has already been described (refer equation 10). The obsolescence rate (robs) is one of the key points of the MoF model at which the different points of the model directly interact with one another, and is given as: 
					(12)
A standard, or average, obsolescence rate is derived as infrastructure capacity (IC) over the average lifetime of infrastructure (ALI), which is multiplied by the effect of maintenance on obsolescence (EMO), and then multiplied again by the effect of overextension of infrastructure above design capacity on obsolescence (EOIO). The parameter ‘average lifetime of infrastructure’ (ALI) is an average of the estimated lifetime of the five primary components of a water supply scheme (detailed in Table B.3). The effect of maintenance on obsolescence (EMO) is described in relation to the maintenance sub-model in sub-section A.6, with the latter effect (EOIO) described here. In order to derive the effect of overextension of infrastructure above design capacity on obsolescence (EOIO), the MoF model distinguishes between the infrastructure capacity of the Kirkwood water supply scheme against the quantity of potable water actually produced at the Kirkwood WTW (termed ‘actual production’). In order to cater for the over-extension of infrastructure above design capacity, a maximum over-design capacity factor (MOCF) is stipulated, and set as a parameter. Actual production (AP) is therefore mathematically represented as: 
			(13)
where the variable actual production (AP) returns the minimum of infrastructure capacity (IC) plus the required additional capacity (RAC), using the product of infrastructure capacity (IC) and the maximum over-design capacity factor (MOCF) to act as the maximum quantity of water that can be produced at any time. A decision-rule is stipulated that when there is a discrepancy between the demand for water and the supply of water (and the municipality therefore requires additional capacity) that municipal supply infrastructure is then over-extended above its design capacity in order to meet the additional capacity requirements.

As described with the aggregate causal loop diagram (see sub-section 4.2), the over-extension of infrastructure provides an additional amount of water in the short-term, but it carries the concomitant effect of increasing how fast municipal infrastructure decreases in value and use. This is the effect of overextension of infrastructure above design capacity on obsolescence (EOIO). The latter is calculated as the ratio of actual production (AP) over infrastructure capacity (IC), which influences the obsolescence rate (robs) through a LOOKUP function summarised in Figure A.4. 

The final infrastructural aspect in the MoF is the inclusion of bulk water losses, which reduces the actual production (AP) by an average loss percentage, in order to derive the potential supply of water (PSW) at any point in time. The latter variable accounts for the water that is potentially available for water service delivery, as described in sub-section A.2 above. Further influences on the infrastructure sub-model are described in relation to the staffing capacity, revenue, and maintenance sub-models in following three sub-sections, beginning with the revenue sub-model.
[image: ]
[bookmark: _Ref287777355]Figure A.4: Effect of overextension of infrastructure on obsolescence rate LOOKUP graph.

A.4. Revenue sub-model

The revenue sub-model (refer to Figure A.5) has one stock, ‘Revenue from water service delivery’ (RWSD) which increases with revenue inflow (rrevIN), and decreases according to the rate at which revenue is dedicated to maintenance (rmain) and the rate of revenue outflow (rrevOUT):
		(14)
Revenue inflow (rrevIN) is calculated according to the following empirical relationship: 
			(15)
Where PBW is potential billable water, UNCG is the unit charge for water, and PCR is the ‘% cost recovery’. The rate formulation for revenue inflow (rrevIN) multiplies the product of the latter three variables by a fourth variable – ‘pulse train annual income’ (PTrI) – which is one of the discrete functions employed in the MoF model. In the revenue sub-model, these discrete functions serve to simulate the annual filling and emptying of the budget for operational and maintenance expenditure in the SRVM. The first of these discrete functions, the pulse train annual income (PTrI) is formulated as: 
 		(16)
Where the initial time and final time are in-built model variables relative to the time horizon stipulated in the model settings (i.e. 2001 and 2021 respectively), and where the quantity of revenue inflow (rrevIN) is pulsed into the stock of Revenue from water service delivery (RWSD) on an annual basis, starting in 2002. 
[image: ]
[bookmark: _Ref287703088]Figure A.5: Stock-flow diagram illustrating the structure of the financial revenue sub-model.
The pulse train function in equation (16) affects both the revenue inflow (rrevIN) and the revenue outflow (rrevOUT) in order to simulate the annual budgetary adjustment (ABA) made by the municipality: every year, the budget is used-up, and the stock of revenue from water service delivery (RWSD) empties. Hence, the revenue outflow (rrevOUT) rate is constructed as:
			(17)
The revenue dedicated to maintenance (rmain) is calculated as the maximum of the revenue from water service delivery (RWSD) multiplied by the percentage of the annual revenue ringfenced per year (pARR), represented as:
				(18)
However, the ringfenced revenue is made available for maintenance throughout any given year on an averaged (or ‘smoothed’ basis), rather than as a discrete financial injection pulsed into a maintenance budget. In the MoF model, this behaviour is simulated using the rate ‘averaged revenue available for maintenance per year’ (rmainAV), which is smoothed using an average delay time (DTI) of one year:
 				(19)
Given that this revenue dedicated to maintenance is typically inadequate for the municipality’s maintenance needs, additional money is required on an ad-hoc, day-to-day basis. The MoF model simulates this ad-hoc financial injection as an ‘annual municipal financial bailout’ (AFB), which is the ‘bailout’ finances provided by the municipality, for when the water service delivery unit in the SRVM lacks immediate funds with which to cover maintenance requirements. The actual maintenance expenditure (AME) is calculated as follows: 
 				(20)
In order to dynamically (and endogenously) assess the financial constraints on maintenance (FCM), the actual maintenance expenditure (AME) needs to be compared against the required maintenance expenditure per year (RME), where RME is calculated as the product of the required maintenance (ReqM) and the ‘average annual maintenance costs per ML infrastructure capacity requiring maintenance’. The financial constraints on maintenance (FCM) is then calculated as the ‘ratio of actual annual expenditure on maintenance to required maintenance expenditure’, multiplied by the required maintenance (ReqM). The required maintenance (ReqM) variable is explained in the maintenance sub-model (see sub-section A.6), which is the sub-model in which the financial constraints on maintenance (FCM) variable influences the rest of the model. Before outlining the structure of the maintenance sub-model, the second primary constraint on maintenance, namely staffing, will be described in the following sub-section.

A.5. Staffing sub-model

The staffing sub-model (refer Figure A.6) operates using a similar structure to the water service delivery sub-model (see sub-section A.2). In the same way that the current supply of water is distributed according to different user groups in the water service delivery sub-model (according to the different needs of each group), the staffing sub-model distributes staffing capacity between different technical activities, according to the requirements of these activities. In the MoF model, these technical activities are simplified into two categories, namely, ‘maintenance’ and ‘secondary activities’. The secondary activities include the strategic planning, grant sourcing, and other such activities that are required of municipal officials, both in the process of refurbishing current infrastructure and in the process of constructing new infrastructure. These secondary activities affect the associated stocks and flows in the infrastructure sub-model (see equation 8 and equation 10) whilst the maintenance activities affect the obsolescence rate (see equation 12). 

The staffing sub-model is also subject to two crisis effects: the first effect influences the productivity of staff members in the SRVM, accounting for the behaviour of working overtime to offset staff capacity shortages in the SRVM. The second crisis effect influences the total required technical activities, accounting for what happens when crises demand the immediate attention of municipal technical officials, which results in less attention available for maintenance and secondary activities. This sub-section describes the way in which these crisis effects influence the staffing sub-model. The staffing sub-model has one stock, ‘Technical staff capacity in municipality’ (TSC), which increases as technical officials are hired (rhir) and decreases at the average rate at which technical officials leave municipal employ (rlv), mathematically represented as:
			(21)

[image: ]
[bookmark: _Ref287703161]Figure A.6: Stock-flow diagram illustrating the structure of the staffing sub-model.
The technical staff capacity in the municipality (TSC) is not, however, treated as a variable that is influenced solely by the number of employees: the variable ‘technical staffing crisis’ (TSCR) takes the ratio of the ‘required technical staff capacity’ (RTSC) over the actual technical staff capacity (TSC), and uses this ratio to drive an ‘effect of technical staffing crisis’ on the ‘current productivity per unit technical staff capacity’ (CPTS), using the LOOKUP function displayed in Figure A.7. 

[image: ]
[bookmark: _Ref287703631]Figure A.7 Effect of crises on technical staff capacity LOOKUP graph.
The required technical staff capacity (RTSC) is calculated as the sum of the required maintenance (ReqM) and the required secondary activities (Req2A), over a given reference unit productivity (REFP):
					(22)
(where the ‘required maintenance’ and ‘required secondary activities’ are respectively calculated in the maintenance and infrastructure sub-models). The ‘total required technical activities’ (TRTA) is the sum of the required maintenance (ReqM) and the required secondary activities (Req2A), multiplied by the effect of service delivery crises on technical activities (ESDC) as follows: 
				(23)
The effect of service delivery crises on technical activities (ESDC) is driven by the ‘ratio of the current total discrepancy over current total delivered water’ (which is calculated in the water service delivery sub-model (see sub-section A.2). This effect (ESDC) functions as an argument that says that the greater the discrepancy, the greater the effect of the discrepancy on crises (i.e. the more the discrepancy, the more the service delivery failures require technical staff attention). The LOOKUP function in Figure A.8 shows how this effect works.

[image: ]
[bookmark: _Ref287703683]Figure A.8: Effect of service delivery discrepancy on crises LOOKUP graph.
The variable total required technical activities (TRTA) indirectly drives the two constraints that technical staff capacity places on the system – namely, ‘technical staff capacity constraints on maintenance’ (TSCM) and ‘technical staff capacity constraints on secondary activities’ (TSC2A). The technical staff capacity constraints on maintenance (TSCM) is mathematically represented as:
				(24)
where the required maintenance (ReqM) over the total required technical activities (TRTA) gives a ‘ratio of required maintenance to total technical activities’. This ratio is multiplied by the technical staff in municipality (TSC) and the current productivity per unit technical staff capacity (CPTS), to give the technical staff capacity constraints on maintenance (TSCM).

Exactly the same formulation is used for the ‘technical staff capacity constraints on secondary activities’ (TSC2A). The latter staff capacity constraint has already been outlined, in terms of how it affects the rates at which refurbishment and construction is initiated (see equation 8) and the rate at which infrastructure work is completed (see equation 10). The following sub-section accounts for how constraints on technical staff capacity affect maintenance.

A.6. Maintenance sub-model

The maintenance sub-model directly influences, and is influenced by, the infrastructure sub-model (see the stock-flow diagram in Figure A.3). The variable required maintenance (ReqM) is calculated as the product of infrastructure capacity (IC) and a reference maintenance value (RMV), where RMV is an aggregated estimate of the quantity of infrastructure capacity requiring annual maintenance in order to maintain optimum performance. The variable ‘potential maintenance’ (PotM) is the crux of the MoF model, in that this is the point at which the financial constraints on maintenance (FCM) and the technical staff capacity constraints on maintenance (TSCM) interrelate. Potential maintenance (PotM) is formulated as follows: 
				(25)
This formulation returns the smallest of the two values, using the argument that the most constraining effect limits the maintenance that can be performed: i.e. if there is adequate staff capacity, but inadequate finances for maintenance, then finances constrain the maintenance that can be performed (with the converse holding true). A ratio of potential maintenance (PotM) to required maintenance (ReqM) is used to drive the effect of maintenance on obsolescence by passing through a LOOKUP function. This LOOKUP function caters for a two-way effect, whereby maintenance levels in excess of required maintenance serves to lessen the obsolescence rate (as infrastructure is better maintained and can function optimally for longer), whilst maintenance levels below requirements serve to quicken the obsolescence rate (see Figure A.9).

[image: ]
[bookmark: _Ref287729741]Figure A.9: Effect of maintenance on obsolescence rate LOOKUP graph.

   Data sources
[bookmark: _Ref287793501][bookmark: _Ref287611883]Table B.1: Workshops, meetings and assessments used for data collection, verification, validation and feedback. DWA= the national Department of Water Affairs; SRVM= the Sundays River Valley Municipality; RRU= the Rapid Response Unit (consultants employed by DWA for emergency work); AW = Amatola Water (the regional water board contracted in the SRVM on a project-basis); L-WUA= the Lower Sundays River Water User Association (bulk water supplier to the SRVM); 
	
	Source
	Specification of data type
	Organisation(s) involved
	Date 
(month and year)

	1
	Assessment
	Blue Drop assessment for drinking water quality.
	Assessment by DWA of SRVM
	11/2011

	2
	Assessment
	Regulatory Performance Management System assessment
	Assessment by DWA of SRVM
	11/2011

	3
	Workshop
	Rapid Response Unit (RRU) hosted workshop on blue and Green drop programmes
	RRU; Amatola Water; SRVM Technical, Financial, and Community health officials 
	02/2012

	4
	Meeting
	Researchers-facilitated meeting regarding the RRU engagement in SRVM
	Amatola Water; 
RRU representatives (for DWA); SRVM
	02/2012

	5
	Workshop
	Researcher-hosted Strategic Adaptive planning (SAP) workshop 1
	AW; SRVM
	10/2011

	6
	Workshop
	SAP workshop 2
	DWA; AW; L-WUA; SRVM; RRU; community members
	12/2011

	7
	Workshop
	Researcher-hosted workshop on the institutional arrangements governing bulk water supply between the municipality and the L-WUA
	DWA; AW; L-WUA; SRVM; RRU; DWA consultant
	10/2012

	8
	Workshop
	Researcher-hosted workshop with Dutch and Irish university partners 
	SRVM Technical Directorate
	02/2013

	9
	Workshop
	Planning workshop on expansion of Greater Kirkwood water supply scheme
	AW; L-WUA; SRVM Technical Directorate; DWA-appointed consultant; Kirkwood Ratepayers’ Association; Sundays River Business Council
	02/2014

	10
	Meeting
	Emergency meeting of farmers and businesspeople following Kirkwood burning
	Sundays River Citrus Company, 4 citrust pack-house owners; Kirkwood Ratepayer’s Association; Sundays River Business Council 
	10/2014

	11
	Presentation
	National-level ‘Water dialogue’ hosted by the Water Research Commission, in which the Kirkwood case and the MoF model was presented
	SRVM Technical Directorate; WRC; 
	11/2014

	
	
	
	
	






[bookmark: _Ref287792951]Table B.2: Time series data for the four data variables in the ‘demand sub-model’, with sources provided in the notes.
	
	Variable name

	
	Kirkwood population 1
	Average number of people per unconnected household 2
	Average number of people per connected household 2
	Average connection 
rate 3

	2001
	9555
	5.5
	3.8
	0

	2002
	9908
	5.35
	3.8
	0

	2003
	10275
	5.1
	3.7
	0

	2004
	10655
	4.8
	3.7
	0

	2005
	11049
	4.7
	3.6
	0

	2006
	11458
	4.5
	3.6
	0.1

	2007
	11882
	4.4
	3.5
	0.12

	2008
	12322
	4.3
	3.5
	0.2

	2009
	12777
	4.1
	3.4
	0.2

	2010
	13250
	4
	3.3
	0.2

	2011
	13740
	3.8
	3.2
	0.2

	2012
	13947
	3.8
	3.2
	0.2

	2013
	14156
	3.8
	3.2
	0.1

	2014
	14368
	3.8
	3.2
	0.1

	2015
	14584
	3.8
	3.2
	0.1

	2016
	14802
	3.8
	3.2
	0.1

	2017
	15025
	3.8
	3.2
	0.1

	2018
	15250
	3.8
	3.2
	0.1

	2019
	15479
	3.8
	3.2
	0.1

	2020
	15711
	3.8
	3.2
	0.1

	2021
	15946
	3.8
	3.2
	0.1



Notes:
1. Initial population at 2001 drawn from the Statistics South Africa census data (2012) and validated with population assessments in Amatola Water (2014: 2). Data estimates reflect average growth rate of 3.7% per annum (/a) between 2001 and 2011, and an average of 1.5%/a between 2012 and 2021.
[bookmark: _GoBack]2. Data estimates for average number of people per household drawn from same sources as above, under the assumption that unconnected households tend to have a higher occupancy level than connected households do.
3. Estimates for ‘connection rate’ between 2006 and 2009 drawn from Kwezi V3 Engineers (2005).
[bookmark: _Ref287605012]Table B.3: Estimated lifetimes of the five primary components of a South African water supply scheme. ‘WTW’ = water-treatment works. Source: Amatola Water (2012: 74-5).
	
	Component type
	Lifetime (years)

	1.
	Reservoirs
	35

	2.
	Pipelines
	30

	3. 
	WTW buildings
	50

	4. 
	WTW electrical components
	15

	5. 
	WTW mechanical components
	20

	
	Average
	30
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