The model has 217 (217) variables.
Stocks: 19 (19) 
Flows: 28 (28) 
Converters: 170 (170)
Constants: 79 (79) 
Equations: 119 (119) 
Graphicals: 23 (23)

Litigation
"'good_governance'_switch" = 0   UNITS: Dimensionless
    DOCUMENT: This switch is meant to represent a radical improvement in governance that would improve behaviour by all actors. Therefore, the switch comes in at several points to ensure a radical, conservation-oriented improvement in overall behaviour. The points at which this switch comes into the model was not chosen based on any specific heuristic, it simply modifies other high-leverage parameters to boost the outcome for freshwater riverine ecosystem biodiversity. 
admin_penalties_lookup = GRAPH(TIME)
(0.0, 0.000), (96.0, 0.050), (120.0, 0.100), (150.0, 0.200), (600.0, 0.200)
    UNITS: Dimensionless
[bookmark: _GoBack]    DOCUMENT: Will grow gradually from 2018 towards a maximum of 15 or 20%. Tracy Humby 17/10
admin_penalties_switch = 0
    UNITS: Dimensionless
compliance_multiplier = 1
    UNITS: Dimensionless
    DOCUMENT: Tracy-Lynn (17-10) gave an estimate of 2 for this multiplier. As this serves as the baseline, I simplified this by normalizing all multipliers in relation to her estimate here. 
criminal_violations_pleaded(t) = criminal_violations_pleaded(t - dt) + (pleas) * dt
    INIT criminal_violations_pleaded = 0
    UNITS: violations
    INFLOWS:
        pleas = fraction_of_criminal_charges_resolved_through_plea_deals*violations_pursued_as_criminal_charges/time_to_negotiate_a_plea_deal
            UNITS: violations/months
duration_of_court_battle = 60
    UNITS: months
    DOCUMENT: Tracy-Lynn Humby (17-10) court cases can take 3-5 years to be resolved. 
fraction_admin_penalties = SAFEDIV(total_violations_resolved_with_administrative_penalties,  total_violations)
    UNITS: Dimensionless
    DOCUMENT: Originally intended as indicators to generate discusion among mining & industry as part of facilitated group process. 
fraction_criminal_charges = SAFEDIV(violations_that_are_criminally_penalized, total_violations)
    UNITS: Dimensionless
    DOCUMENT: Originally intended as indicators to generate discusion among mining & industry as part of facilitated group process. 
fraction_mitigated = SAFEDIV(violation_compliance,  total_violations)
    UNITS: Dimensionless
    DOCUMENT: Originally intended as indicators to generate discusion among mining & industry as part of facilitated group process. 
fraction_of_criminal_charges_resolved_through_plea_deals = 0.9
    UNITS: Dimensionless
    DOCUMENT: Tracy Humby 29/09: Most cases are resolved via plea- deals and this is a faster process than going via courts
fraction_of_violations_resolved_by_mitigation = 0.15
    UNITS: Dimensionless
    DOCUMENT: Tracy-Lynn estimated this is closer to 0.15 (17/10)
fraction_of_violations_resolved_through_penalties = IF("'good_governance'_switch"=1) THEN(admin_penalties_lookup) ELSE(IF(admin_penalties_switch=1) THEN (admin_penalties_lookup) ELSE (0))
    UNITS: Dimensionless
fraction_of_violations_that_are_acted_upon = MIN(.15*advocacy_and_public_awareness,  1)
    UNITS: Dimensionless
    DOCUMENT: This parameter was set according to Tracy-Lynn Humby's interpretation (17/10) of paragraph 4 or the DWS submission to the South African Human Rights Commision (Not to be distributed). In short, this captures the perspective that regulation is weak and only a small fraction of the actual environmental ills committed by mining & industry in SA are registered. The use of this variable 
fraction_of_violations_that_escalate = (1-fraction_of_violations_resolved_by_mitigation)-fraction_of_violations_resolved_through_penalties
    UNITS: Dimensionless
fraction_pleaded = SAFEDIV(criminal_violations_pleaded,  total_violations)
    UNITS: Dimensionless
    DOCUMENT: Originally intended as indicators to generate discusion among mining & industry as part of facilitated group process. 
fraction_resolved_through_court = 1-fraction_of_criminal_charges_resolved_through_plea_deals
    UNITS: Dimensionless
    DOCUMENT: Formulation here validated by Tracy-Lynn Humby (17-10). Any violations not resolved via plea deals will eventually be resolved through court. 
high_reactive_mitigation = 0.05
    UNITS: Dimensionless/violations
    DOCUMENT: See: mitigation response level
indicated_new_violations = IF("'good_governance'_switch"=1) THEN(sulphate_regulation_high) ELSE((IF( sulphate_regulation_level=1) THEN(sulphate_regulation_low) ELSE( IF(sulphate_regulation_level=2 )THEN( sulphate_regulation_med) ELSE(  IF(sulphate_regulation_level=3) THEN (sulphate_regulation_high) ELSE( 0))))*conservation_pressure_on_regulators_due_to_FRED_impacts)
    UNITS: violations
    DOCUMENT: This variable allows the user to choose the sulphate regulation level (see graphical functions of 'sulphate regulation low, med & high[) and allows the good governance switch to be used. Under good governance it is assumed that regulation will be high. This formulation assumes that there is no memory for exceedance and that violations are only added to the proceeding litigation structure if 'caught' within that month. 
initial_proactive_mitigation_rate = 500
    UNITS: ML/month
    DOCUMENT: This was a part of the initial model narrative, discussed with Tracy-Lynn Humby 
Institutional_memory_level = 1
    UNITS: Dimensionless
    DOCUMENT: Institutional memory (Levels 0 – 3) : (in addition to proactive mitigation already in place) broadly embedding lessons learned from previous violations, strengthening proactive mitigation efforts. This lever simply a multiplier that acts to boost the 'management learning effect'. This calculation is caried out in the 'mitigation due to institutional memory' variable. 
low_reactive_mitigation = 0.015
    UNITS: Dimensionless/violations
    DOCUMENT: See: mitigation response level
management_learning_effect = GRAPH(total_violations)
(0.00, 0), (6.00, 100), (12.00, 220), (18.00, 380), (24.00, 670), (30.00, 1070)
    UNITS: ML/month
    DOCUMENT: Tracy Humby 17-10: Suggested we include such a feedback to prevent mining representatives from becoming defensive. She explained this effect can happen as new managers take over responsibilities within mining companies. When they have a record of previous violations they can 'learn' and improve their practices to prevent waste from entering the environment. This effect is my attempt to capture this story and assumes that as the number of total violations grows, more and more effective mitigation practices will be institutionalized. 
medium_reactive_mitigation = 0.030
    UNITS: Dimensionless/violations
    DOCUMENT: See: mitigation response level
mitigation_due_to_institutional_memory = (management_learning_effect*Institutional_memory_level)
    UNITS: ML/month
    DOCUMENT: see contributing variables. 
mitigation_per_violation = selected_mitigation_level*public_perception_influence_on_reactive_mitigation
    UNITS: Dimensionless/violations
    DOCUMENT: This variable simply takes the public perception influence and multiplies it by the selected mitigation level (fraction). The graphical functions (see 'mitigation response level') relate the number of violations passing through the litigation model See the 'mitigation response level for futher documentation.'
mitigation_response_level = 0
    UNITS: Dimensionless/violations
    DOCUMENT: Mitigation response level (Levels 0 - 3) : represents the efforts made to respond to violations due to exceedance of allowed sulphate concentrations. The higher the level, the greater the improvement over current baseline efforts.  This is captured in a series of fractions (see high, medium & low reactive mitigation). Due to the fact that no mining company representatives would engage with us prior to the week before the final meeting, these fractions are all based on the personal intuiton of the modeler. They were graphed in order to create what the modeler perceived as reasonable behavior - allowing for enough difference between between each of the levels to effect visible change in model behavior. 
    
    The validity of these assumptions was only tested by the mining representatives interacting with the model in the final workshop and by a short demonstration of model outputs to PMC representatives on 28-10 (see Notes, 28-10 Mining & Industry).  Our explicit aims during the meeting were to 1) to recruit participation and 2) explicitly show some of the assumptions and limitations of the model. However, there was not enough time to investigate the fractions or discuss the behavior resulting from all of the mitigation level fractions. 
    
    This is part of the 'reactive mitigation' of the mining companies. 
multiplier_for_admin_penalties = 4.5
    UNITS: Dimensionless
    DOCUMENT: Tracy (17/10 meeting) says 8 or 9x more impact towards mitigation/public awareness. Adminstrative penalties, she said, can result in penalties that are much higher thant he maximum fine possible throguh criminal litigation. (Normalized, see compliance multiplier). 
multiplier_for_criminal_violations = 3.5
    UNITS: Dimensionless
    DOCUMENT: assume that criminal violations -if they stick - have a stronger impact on public awareness. On 17/10 Tracy says 7x greater than standard compliance. Normalized (see compliance multiplier). 
multiplier_for_pleas = 3
    UNITS: Dimensionless
    DOCUMENT: Tracy 17/10 - pleas are 6x more effective. Normalized (see compliance multiplier)
PROACTIVE_mitigation = mitigation_due_to_institutional_memory+(initial_proactive_mitigation_rate)
    UNITS: ML/month
    DOCUMENT: This was part of the 'narrative' chosen by the modeler and discussed with Tracy Lynn-Humby (reflected in Notes, 17-10 & 29-09 Tracy Lynn-Humby). The parameter value is an assumption, was chosen in order to prevent defensive behavior of the mining company representatives. This same concern (defensive behavior) was also discussed with Harry Biggs where we determined that a 'good' route for mitigation should also exist. By including PROACTIVE mitigation, we could show that we were being fair to the mining companies and assuming that they were already making efforts to control their tailings. The equation simply adds the amount of mitigation coming from the 'mitigation due to institutional memory' to the 'initial proactive mitigation' amount. 
public_perception_influence_on_reactive_mitigation = IF(public_awareness_pressure_switch=1) THEN((1+"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Complex_violations_(perception)")) ELSE(1)
    UNITS: Dimensionless
    DOCUMENT: This multiplier assumes that as public attention raises, the Phalaborwa Mining Complex will make more efforts at mitigation. The multplier is based simply on the public awareness fraction, which is added to 1 and used to boost the effecive mitigation per violation. Because this variable has little effect in the model, I chose to multiply it in two different places (effective mitigation per violation) and (total REACTIVE mitigation effort) to boost the effect on mitigation slightly. When discussing narratives, Tracy explained that the larger mining companies are more afraid of public opinion. She said we can emphasize that with Foskor and PMC. I confirmed with her our designs to lump them in order to show how Bosveld puts PMC and Foskor at risk of negative public opinion. 
REACTIVE_mitigation = MIN((mitigation_per_violation*violations_reactively_mitigated*public_perception_influence_on_reactive_mitigation*unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex),  unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex/average_mitigation_time)
    UNITS: ML/month
    DOCUMENT: The model distinguishes between reactive and proactive mitigation. Assuming that as violations accumulate and are resolved within the litigation sector, the mining companies will make some effort to reduce the environmental impacts of their tailings dams. Therefore, the flow of violations that are mitigated by mines drives the amount of mitigation (ML/month) that takes place. Violations are multiplied by the the dimensionless fraction from the selected mitigation level. This is part of the narrative discussed with Tracy Lynn-Humby (reflected in Notes, 17-10 & 29-09 Tracy Lynn-Humby). Within these meetings, it was possible to discuss model assumptions at the level of structure. Especially in the second meeting where many parameter values were discussed in addition to the broader narratives which is where this variable developed rom. 
selected_mitigation_level = IF("'good_governance'_switch"=1) THEN( high_reactive_mitigation) ELSE (IF(mitigation_response_level=1) THEN(low_reactive_mitigation) ELSE( IF(mitigation_response_level=2 )THEN(medium_reactive_mitigation) ELSE(  IF(mitigation_response_level=3) THEN (high_reactive_mitigation) ELSE( 0))))
    UNITS: Dimensionless/violations
    DOCUMENT: With the good governance switch turned on, the highest mitigation level will be indicated. Otherwise, the mitigation response level is chosen by the user.
sulphate_regulation_high = GRAPH("exceedance_of_sulphate_in_mg/l")
(0, 0.000), (50, 1.500), (100, 7.500), (200, 7.500), (300, 12.000), (400, 15.000), (500, 18.000), (600, 21.000), (700, 24.000), (800, 27.000), (900, 30.000), (1000, 45.000)
    UNITS: violations
    DOCUMENT: This graphical function is the best-guess estimate of the modeler. It is a linear effect which attributes violations to different levels of sulphate exceedance. The higher the exceedance value, the larger the number of violations that may be registered against the mining & industry. 
sulphate_regulation_level = 3
    UNITS: Dimensionless
    DOCUMENT: The sulphate regulation level is a switch tied to the preceeding graphical functions which allows the user to switch between a very strict regulatory environment, where more violations are levelled per exceedance event, or a less rigorous regulatory environment. This switch also allows the user to turn off this pathway in order to perform sensitivity analyses. 
sulphate_regulation_low = GRAPH("exceedance_of_sulphate_in_mg/l")
(0, 0.000), (50, 0.166666667), (100, 0.833333333), (200, 0.833333333), (300, 1.333333333), (400, 1.666666667), (500, 2.000), (600, 2.333333333), (700, 2.666666667), (800, 3.000), (900, 3.333333333), (1000, 5.000)
    UNITS: violations
    DOCUMENT: This graphical function is the best-guess estimate of the modeler. It is a linear effect which attributes violations to different levels of sulphate exceedance. The higher the exceedance value, the larger the number of violations that may be registered against the mining & industry. 
sulphate_regulation_med = GRAPH("exceedance_of_sulphate_in_mg/l")
(0, 0.000), (50, 0.500), (100, 2.500), (200, 2.500), (300, 4.000), (400, 5.000), (500, 6.000), (600, 7.000), (700, 8.000), (800, 9.000), (900, 10.000), (1000, 15.000)
    UNITS: violations
    DOCUMENT: This graphical function is the best-guess estimate of the modeler. It is a linear effect which attributes violations to different levels of sulphate exceedance. The higher the exceedance value, the larger the number of violations that may be registered against the mining & industry. 
time_for_mines_to_mitigate = 36
    UNITS: month
    DOCUMENT: This assumption is the best-estimate of the modeler and needs validation. 
time_to_escalate = 6
    UNITS: Months
time_to_indicate_compliance = 6
    UNITS: Months
    DOCUMENT: Tracy-Lynn Humby interview on 17/10: "This has a wide range. From 6 months to 5 years!" I chose to use the smaller delay time for the base case. 
time_to_negotiate_a_plea_deal = 18
    UNITS: Months
    DOCUMENT: Tracy spoke with Catherine Horsfield of CER on the phone during the working session 17/10. Together they decided that this is from 1 to 2 years and is limited by the need for expert reporting. 
time_to_register_new_violations = 12
    UNITS: months
    DOCUMENT: Harry (from KNP side) 3-4 months but improving. Tracy says this is closer to a year (12 months)
time_to_resolve_via_admin_penalties = 12
    UNITS: months
    DOCUMENT: Tracy-Lynne Humby on 17-10 validated this estimate. 
total_violations(t) = total_violations(t - dt) + (additonal_violations) * dt
    INIT total_violations = 0
    UNITS: violations
    DOCUMENT: This stock adds up all of the violations committed by mining & industry over the course of the simulation and can be used as an indicator to stimulate discusssion among mining representatives. 
    INFLOWS:
        additonal_violations = new_violations
            UNITS: violations/month
            DOCUMENT: THis flow is equivalent to new violations. 
total_violations_mitigated(t) = total_violations_mitigated(t - dt) + (violations_reactively_mitigated) * dt
    INIT total_violations_mitigated = 0
    UNITS: violations
    DOCUMENT: This stock simply accumulates violations as they are mitigated throughout the simulation period, with the idea that it can serve as a counter that can be used as an indicator for communicating success (or lack thereof) of mining & industry to reduce their legislative burden. 
    INFLOWS:
        violations_reactively_mitigated = violations_needing_mitigation/time_for_mines_to_mitigate
            UNITS: violations/months
            DOCUMENT: This flow is the delayed implementation of mitigation efforts by mining and industry operating over the delay time indicated. 
total_violations_resolved_with_administrative_penalties(t) = total_violations_resolved_with_administrative_penalties(t - dt) + (violations_resolved_with_administrative_penalties) * dt
    INIT total_violations_resolved_with_administrative_penalties = 0
    UNITS: violations
    DOCUMENT: The 'total violations resolved with administrative penalties' is meant to capture a strengthened regulatory system where heavy fines as well as potential 'cease & desist' notices would be issued to the mines. According to Tracy-Lynn Humby (17-10) this could be a useful discussion point with mining & industry. She explained that if the regulatory pathway to adminstrative penalties was strengthened higher and more substantial fines could be leveled. She shared documentation of a recent submission by the Department of Water and Sanitation to the South African Human Rights Commission to be considered during hearings around the time of our first interview (29-09). 
    INFLOWS:
        violations_resolved_with_administrative_penalties = fraction_of_violations_resolved_through_penalties*violations_with_adminstrative_action/time_to_resolve_via_admin_penalties
            UNITS: violations/months
violation_compliance(t) = violation_compliance(t - dt) + (compliance_with_legal_directives) * dt
    INIT violation_compliance = 0
    UNITS: violations
    DOCUMENT: 'Violation compliance' is conceptualized as the sult of mining & industry responing to violations with relatively little delay and without resistance. Violations passing through the 'compliance with legal directives' flow are a result of mutual agreements made between regulators and mining & industry that do not involve additional fees. 
    INFLOWS:
        compliance_with_legal_directives = violations_with_adminstrative_action*fraction_of_violations_resolved_by_mitigation/time_to_indicate_compliance
            UNITS: violations/months
violations_effect_on_public_awareness = GRAPH(violations_effectively_influencing_public_perception_and_mitigation_effort_of_Phalaborwa_Mining_&_Industrial_Complex)
(0.0, 0.100), (5.0, 0.200), (10.0, 0.300), (15.0, 0.400), (20.0, 0.500), (25.0, 0.600), (30.0, 0.700), (80.0, 0.800), (100.0, 1.000)
    UNITS: Dimensionless
    DOCUMENT: This effect was discussed and validated with Tracy-Lynn Humby on 17-19. It effectively relates the 'percentage of public concerned about Mining & Industrial Complex violations' 
violations_effectively_influencing_public_perception_and_mitigation_effort_of_Phalaborwa_Mining_&_Industrial_Complex = (multiplier_for_criminal_violations*criminal_penalties)+(pleas*multiplier_for_pleas)+(compliance_with_legal_directives*compliance_multiplier)+(violations_resolved_with_administrative_penalties*multiplier_for_admin_penalties)
    UNITS: violations/month
    DOCUMENT: Violations effectively influencing public perception of Phalaborwa Mining & Industrial Complex is a variable that is used to relate incoming violations due to exceedance to the 'percentage of SA public concerned' about mining and WWTW issues. The formulation applies a series of multipliers to the flows of violations moving through the main litigation structure. The general assumption is that, how mining & industry chooses to resolve these penalties has an effect on the amount of negative attention they receive as a complex. The multipliers are defined relative to the ideal baseline situation represented by the 'compliance' flow ,where any violations are resolved quickly by the mining companies without any penalties needing to be levied, adding additional legislative burden. The incorporation of these multipliers creates a larger value for the number of violations, which effectively influences public perception. This assumption was shared and validated by Tracy-Lynn Humby on 17-10. She provided best-guess estimates for each of the multipliers, replacing the assumptions that I made earlier in the model development process. 
violations_needing_mitigation(t) = violations_needing_mitigation(t - dt) + (new_violations_needing_mitigation - violations_reactively_mitigated) * dt
    INIT violations_needing_mitigation = 0
    UNITS: violations
    DOCUMENT: This structure assumes that once violations are resolved, there will be a delay before the mining & industry sector will be able to implement mitigation measures. 
    INFLOWS:
        new_violations_needing_mitigation = violations_effectively_influencing_public_perception_and_mitigation_effort_of_Phalaborwa_Mining_&_Industrial_Complex
            UNITS: violations/months
            DOCUMENT: Here I chose to use the multiplied value of violations to represent how mining companies must make a greater mitigation effort as a result of battling against the regulatory framework. This is considered in relation to the ideal baseline situation of complete 'compliance'. This supports a narrative of compliance being of mutual benefit for all involved. 
    OUTFLOWS:
        violations_reactively_mitigated = violations_needing_mitigation/time_for_mines_to_mitigate
            UNITS: violations/months
            DOCUMENT: This flow is the delayed implementation of mitigation efforts by mining and industry operating over the delay time indicated. 
violations_pursued_as_criminal_charges(t) = violations_pursued_as_criminal_charges(t - dt) + (escalation - pleas - criminal_penalties) * dt
    INIT violations_pursued_as_criminal_charges = 0
    UNITS: violations
    INFLOWS:
        escalation = fraction_of_violations_that_escalate*violations_with_adminstrative_action/time_to_escalate
            UNITS: violations/months
    OUTFLOWS:
        pleas = fraction_of_criminal_charges_resolved_through_plea_deals*violations_pursued_as_criminal_charges/time_to_negotiate_a_plea_deal
            UNITS: violations/months
        criminal_penalties = violations_pursued_as_criminal_charges*fraction_resolved_through_court/duration_of_court_battle
            UNITS: violations/months
violations_that_are_criminally_penalized(t) = violations_that_are_criminally_penalized(t - dt) + (criminal_penalties) * dt
    INIT violations_that_are_criminally_penalized = 0
    UNITS: violations
    INFLOWS:
        criminal_penalties = violations_pursued_as_criminal_charges*fraction_resolved_through_court/duration_of_court_battle
            UNITS: violations/months
violations_with_adminstrative_action(t) = violations_with_adminstrative_action(t - dt) + (new_violations - violations_resolved_with_administrative_penalties - escalation - compliance_with_legal_directives) * dt
    INIT violations_with_adminstrative_action = 0
    UNITS: violations
    INFLOWS:
        new_violations = (indicated_new_violations*fraction_of_violations_that_are_acted_upon)/time_to_register_new_violations
            UNITS: violations/months
            DOCUMENT: When sulphate levels in the river are high, it is up to the respective regulators to conduct sampling and report violations with respect to exceedances. Here the 'time to register new violations' delays this flow. It is further limited by the 'fraction of violations that are acted upon'. 
    OUTFLOWS:
        violations_resolved_with_administrative_penalties = fraction_of_violations_resolved_through_penalties*violations_with_adminstrative_action/time_to_resolve_via_admin_penalties
            UNITS: violations/months
        escalation = fraction_of_violations_that_escalate*violations_with_adminstrative_action/time_to_escalate
            UNITS: violations/months
        compliance_with_legal_directives = violations_with_adminstrative_action*fraction_of_violations_resolved_by_mitigation/time_to_indicate_compliance
            UNITS: violations/months

Mining:
average_mitigation_time = 1
    UNITS: month
average_reuse_time = 1
    UNITS: month
dam_area = 1590
    UNITS: ha
    DOCUMENT: ResiModV1
dam_area_m2 = dam_area*ha_to_m2_conversion
    UNITS: meters^2
dam_height = 100
    UNITS: Meters
    DOCUMENT: ResiModV1
evaporation_rate = 0.00197/12
    UNITS: ML/meters^2/month
fractional_seepage_rate = 0.00025
    UNITS: Dimensionless/month
    DOCUMENT: ResiMod v.1 contained a constant rate which was not density dependent. In v.2 this value was back-calculated by testing the ML/month flow and set a fractional rate value that resulted in flow values that were very similar to the ML/month value from v.1. The values were compared only for the first few years when the volume (in ML) of the unmitigated tailings were close to initial conditions. This is a broad assumption and was chosen on the intuition of the modeler with the reasoning that, with higher volumes of water more seepage will occur. This is the density-dependent relationship that a fractional rate allows. Therefore as the dam volume approaches zero, the seepage rate (ML/month) will reflect this and also decrease. 
ha_to_m2_conversion = 10000
    UNITS: Meters*meters/ha
    DOCUMENT: ResiMod v.1, basic conversion factor
initial_dam_volume = dam_height*dam_area_m2*m3_to_ML_conversion
    UNITS: ML
    DOCUMENT: ResiMod v.1 - Assumed that these calculations came from some valid data sources but requires further checking due to limitations in reporting from ResiMod v.1. It should be noted that in v.1 the different companies tailing's dams were seperated using arrays, for v.2 this was aggregated to simplify the model as the model purpose became more clear.( For more on this see final ResiMod v2 Report)
m3_to_ML_conversion = 0.001
    UNITS: ML/meters^3
    DOCUMENT: This is a basic conversion factor
process_water_per_month = 15000
    UNITS: ML/month
    DOCUMENT: Parameter value taken from ResiMod v.1. 
proportion_of_tailings_water_reused = 0.6
    UNITS: Dimensionless
    DOCUMENT: ResiModV1 - .6 PMC estimate is - .86 given during the 28-10 PMC meeting (see notes supplement to Final ResiMod v.2 Report). Caveat is that PMC is the 'better' actor in this group when it comes to their environmental practices. 
sulphate_concentration_of_seepage_in_mg_per_l = 1500
    UNITS: mg/l
    DOCUMENT: Estimates for this parameter vary, for example in an email from Emmanuel Vellemu on 28/09/16, he stated that, "Most rivers impacted by acid mine drainage usually record sulphate levels over 1000 mg/L. At my study site in Mpumalanga, sulphate levels range between 1000 mg/L and 1500 mg/L." Other correspondence and informal meetings with the WQSAM modeler, Hugo Ratief, referred to data for a single actor of the 'Phalaborwa Mining & Industrial Complex', Bosveld, where downstream sampling showed values rreaching 3500 mg/L. Based on these inputs a conservative estimate was chosen, representing the higher end of Emmanuel Vellemu's data. ('Result Spreadsheet Phalaborwa April - For Eddie') 
tailings_mitgated(t) = tailings_mitgated(t - dt) + (mitigation) * dt
    INIT tailings_mitgated = 0
    UNITS: ML
    DOCUMENT: The representation of 'tailings mitigated' and 'unmitigated tailings of Phalaborwa Mining & Industrial Complex' was chosen as a simplification over ResiMod v.1. Any unmitigated tailings are assumed to be prone to seepage and spills, and as mitigation takes place and tailings are 'mitigated' they can no longer enter the environment. This is of course, an unrealistic assumption, and this point was discussed with PMC (see Notes, 28-10 PMC), who contested the idea that waste could be completely mitigated. However, in the meeting we came to an understanding with the PMC representatives that this was an adequate way to represent the effects of their mitigation efforts at the highly aggregate level we are working at within ResiMod v.2. Are these mitigated for all time? Unrealistic. Is it necessary to represent this stock? 
    INFLOWS:
        mitigation = MAX(MIN(PROACTIVE_mitigation,unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex/average_mitigation_time),  REACTIVE_mitigation )
            UNITS: Ml/month
            DOCUMENT: This is the sum of all PROACTIVE and REACTIVE mitigation, and is formulated to prevent the unmitigated tailings stock from going negative in extreme events. 
tonne_per_kg = .001
    UNITS: tonnes/kg
"total_discharge_mines_in_KG/month" = (sulphate_concentration_of_seepage_in_mg_per_l/mg_to_KG*l_to_ML*seepage)
    UNITS: KG/month
    DOCUMENT: Based on discussions with Hugo Ratief on 21-09, we discussed the value of modeling load, or the total amount of sulphate or phosphates that enter the Selati each month, rather than concentration. The reasoning behind this was that modeling concentration encourages the 'dilution solution to pollution' whereby the respective stakeholders (WWTW & mines) could argue that their discharge is acceptable, given an appropriate amount of instream flow within the Ga-Selati. Here, conversion factors are used to change ML/month to KG/month. These factors are concentration (mg/l), mg/KG conversion and l/ML conversion. 
total_tonnes_of_sulphate_released_over_50_years(t) = total_tonnes_of_sulphate_released_over_50_years(t - dt) + (adding_up_discharge) * dt
    INIT total_tonnes_of_sulphate_released_over_50_years = 0
    UNITS: tonnes
    DOCUMENT: This stock was created to aid with process. Based on the best available data, validated by input from several stakeholders (including KNP representatives, Emmanuel Vellamu), sulphate does not have a strong impact on freshwater riverine eosystem biodviersity. This was a counter-intuitive finding given the widely communciated perception that ming tailings waste has more impact (especially given the widely-publicized 2013 spill event that made international headlines). In keeping with the model's purpose as a communication tool, the accumulation of tonnes of sulphates was seen as a way to share the idea of the long-term impacts of the metals that can bio-accumulate in ecosytems. This was not used in the final workshop but was retained for future communication purposes with ResiMod v.2. 
    INFLOWS:
        adding_up_discharge = "total_discharge_mines_in_KG/month"*tonne_per_kg
            UNITS: tonnes/Months
unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex(t) = unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex(t - dt) + (water_diverted_into_tailing_dam - mitigation - evaporation - seepage - process_water_reuse) * dt
    INIT unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex = initial_dam_volume
    UNITS: ML
    DOCUMENT: The representation of 'tailings mitigated' and 'unmitigated tailings of Phalaborwa Mining & Industrial Complex' was chosen as a simplification over ResiMod v.1. Any unmitigated tailings are assumed to be prone to seepage and spills, and as mitigation takes place and tailings are 'mitigated' they can no longer enter the environment. This is of course, an unrealistic assumption, and this point was discussed with PMC (see Notes, 28-10 PMC), who contested the idea that waste could be completely mitigated. However, in the meeting we came to an understanding with the PMC representatives that this was an adequate way to represent the effects of their mitigation efforts at the highly aggregate level we are working at within ResiMod v.2. Initial conditions of this stock was based upon calculations in ResiMod v.1. 
    INFLOWS:
        water_diverted_into_tailing_dam = process_water_per_month
            UNITS: Ml/month
    OUTFLOWS:
        mitigation = MAX(MIN(PROACTIVE_mitigation,unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex/average_mitigation_time),  REACTIVE_mitigation )
            UNITS: Ml/month
            DOCUMENT: This is the sum of all PROACTIVE and REACTIVE mitigation, and is formulated to prevent the unmitigated tailings stock from going negative in extreme events. 
        evaporation = dam_area_m2*evaporation_rate
            UNITS: Ml/month
        seepage = fractional_seepage_rate*unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex
            UNITS: Ml/month
            DOCUMENT: Density dependent rate (ML/month) calculated by multiplying the fractional seepage rate by the unmitigated tailings stock. 
        process_water_reuse = MIN(process_water_per_month*proportion_of_tailings_water_reused,  unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex/average_reuse_time)
            UNITS: Ml/month

**********
Public_Awareness:
**********
advocacy_and_public_awareness = 1
    UNITS: Dimensionless
    DOCUMENT: This lever strengthens feedback by multiplying public awareness for WWTW and Mining & Industrial Complex. It is a multiplier (ranging from 1 -2). The assumption here is that conservation representatives can take actions to influence the public awareness. This lever was devised more for process than for simulation purposes - as it has a limited effect within the model. However, it gave conservation representatives a lever to adjust during the final workshop session which to make the process more inclusive, since WWTW and mining & industry had many more levers in ResiMod v.2. 
biodiversity_impact_on_public_awareness = GRAPH(Freshwater_Riverine_Ecosystem_Diversity)
(0.000, 0.800), (0.100, 0.800), (0.200, 0.800), (0.300, 0.800), (0.400, 0.800), (0.500, 0.700), (0.600, 0.350), (0.700, 0.250), (0.800, 0.100), (0.900, 0.050), (1.000, 0.000)
    UNITS: Dimensionless
    DOCUMENT: This variable is equal to FRED and is redundant but named in a way to illustrate that there is an impact. 
biodiversity_impact_on_public_awareness_with_multiplier = advocacy_and_public_awareness*biodiversity_impact_on_public_awareness
    UNITS: Dimensionless
effect_of_public_concern_on_amount_of_O&M_capacity_development = IF(public_awareness_pressure_switch=1) THEN((1+percentage_of_SA_public_concerned_about_WWTW)) ELSE(1)
    UNITS: Dimensionless
    DOCUMENT: This attempts to account for additional public pressure and is simply a linear multiplicative effect based upon the dimensionless percentage being measured in the 'public concern' stocks. One (1) is added to this percentage to make it have a positive impact. 
exceedance_effect_on_public_awareness_wwtw = GRAPH(ratio_of_phosphate_exceedance_to_maximum_allowable_concentration)
(0.000, 0.000), (0.200, 0.000), (0.400, 0.000), (0.600, 0.000), (1.000, 0.000), (2.000, 0.500), (3.000, 0.700), (4.000, 0.800), (5.000, 1.000)
    UNITS: Dimensionless
exceedance_wwtw_weight = 0.25
    UNITS: Dimensionless
FRED_weight = 0.75
    UNITS: Dimensionless
    DOCUMENT: Tracy-Lynn Humby (17/10/2016) 
indicated_awareness_mining_&_industry = MIN(maximum_percentage_aware,  (biodiversity_impact_on_public_awareness_with_multiplier*FRED_weight)+(violations_effect_on_public_awareness*violations_weight))
    UNITS: dimensionless
    DOCUMENT: For mining and industry the indicated awareness is based on the graphical function 'biodiversity effect on awareness' and 'violations effect on public awareness', via the litigation sector. As explained by Harry Biggs (28-
indicated_awareness_WWTW = MIN(maximum_percentage_aware,  ((biodiversity_impact_on_public_awareness_with_multiplier*weight_FRED_on_wwtw_public_awareness)+(exceedance_effect_on_public_awareness_wwtw*exceedance_wwtw_weight))*advocacy_and_public_awareness)
    UNITS: Dimensionless
    DOCUMENT: The 'indicated awareness' variables (mining & industry, WWTW) were forumlated in very similar ways. Both are weighted, additive functions that depend largely on value of FRED. A maximum 'percentage aware' is set and the equation is formulated to ensure that this is not exceeded in either of the 'percentage of public concerned...' stocks. Where the forumation differs is in their respective lower-weighted components. For mining & industry this is tied to the summed, multiplied violations (as explained in the Litigation Sector). Meanwhile, WWTW uses a graphical function that is based upon the 'ratio of phosphate exceedance to maximum allowable concentration.' This ratio simply shows how far above the allowed concentration the phosphate levels may be. If the ratio goes above 1, the graphical function 'exceedance effect on public awareness wwtw' increases. 
length_of_public_memory = 24
    UNITS: Months
    DOCUMENT: Modeler's best estimate
maximum_percentage_aware = 0.8
    UNITS: Dimensionless
    DOCUMENT: Tracy Humby : 17/10
"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Complex_violations_(perception)"(t) = "percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Complex_violations_(perception)"(t - dt) + (growing_awareness - losing_awareness) * dt
    INIT "percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Complex_violations_(perception)" = 0.12
    UNITS: Dimensionless
    DOCUMENT: Both stocks pertaining to the 'percentage of SA population concerned' are indicators that were chosen as 'hooking points' and points of discussion to be used in process with the mining sector representatives as well as the WWTW managers. These stocks are measured from 0-1, and as the name says these are representative of percentages of the broader public who have knowledge of, and are concerned about the ongoing operations. The broad narrative accompanying this structure is the idea that these organizations respond more to public concern (and reputational impact) than they do to regulatory pressure, which has been historically weak. Meetings with Tracy-Lynn Humby (29-09 & 17-10), provided validation for the basis of this narrative. She assisted in providing the estimates for mining and insisted that FRED has a much greater salience to the public than do violations. Therefore, the effect of biodiversity is weighted much more (see FRED weight) than violations. The 'maximum percentage aware' is an assumption that, even with devestating impacts to FRED or a great deal of violations, there is some portion of the SA public that will not become concerned or be aware of these impacts. These are reperesented as perceptions, where a delay occurs between the time at which impacts occur and the public can become aware (and thus, concerned). This delay can be thought of as the time for media to disseminate the information, and a best-estimate of this was determined by the modeler. Likewise, the model makes assumptions about the amount of time the public will perceive the problems and remain concerned, this 'length of public memory' is the best estimate of the modeler. 
    INFLOWS:
        growing_awareness = MAX(indicated_awareness_mining_&_industry-"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Complex_violations_(perception)",  0)/time_to_disseminate_information
            UNITS: Dimensionless/month
            DOCUMENT: If indicated awareness is higher than the current level of awareness, this flow is activated and operates over a delay. (See stocks for full description)
    OUTFLOWS:
        losing_awareness = "percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Complex_violations_(perception)"/length_of_public_memory
            UNITS: Dimensionless/month
            DOCUMENT: Awareness is continually lost on the basis the delay indicated by the 'length of public memory'. (See stock for full description). 
percentage_of_SA_public_concerned_about_WWTW(t) = percentage_of_SA_public_concerned_about_WWTW(t - dt) + (growing_awareness_wwtw - losing_awareness_wwtw) * dt
    INIT percentage_of_SA_public_concerned_about_WWTW = 0.12
    UNITS: Dimensionless
    DOCUMENT: Both stocks pertaining to the 'percentage of SA population concerned' are indicators that were chosen as 'hooking points' and points of discussion to be used in process with the mining sector representatives as well as the WWTW managers. These stocks are measured from 0-1, and as the name says these are representative of percentages of the broader public who have knowledge of, and are concerned about the ongoing operations. The broad narrative accompanying this structure is the idea that these organizations respond more to public concern (and reputational impact) than they do to regulatory pressure, which has been historically weak. Meetings with Tracy-Lynn Humby (29-09 & 17-10), provided validation for the basis of this narrative. She assisted in providing the estimates for mining and insisted that FRED has a much greater salience to the public than do violations. Therefore, the effect of biodiversity is weighted much more (see FRED weight) than violations. The 'maximum percentage aware' is an assumption that, even with devestating impacts to FRED or a great deal of violations, there is some portion of the SA public that will not become concerned or be aware of these impacts. These are reperesented as perceptions, where a delay occurs between the time at which impacts occur and the public can become aware (and thus, concerned). This delay can be thought of as the time for media to disseminate the information, and a best-estimate of this was determined by the modeler. Likewise, the model makes assumptions about the amount of time the public will perceive the problems and remain concerned, this 'length of public memory' is the best estimate of the modeler. 
    INFLOWS:
        growing_awareness_wwtw = MAX(indicated_awareness_WWTW-percentage_of_SA_public_concerned_about_WWTW,  0)/time_to_disseminate_information
            UNITS: Dimensionless/month
    OUTFLOWS:
        losing_awareness_wwtw = percentage_of_SA_public_concerned_about_WWTW/length_of_public_memory
            UNITS: Dimensionless/month
public_awareness_pressure_switch = 1
    UNITS: Dimensionless
    DOCUMENT: This switch was used to test the relative impact of public awarness on the responsiveness of WWTW and mining to the respective public awareness stocks, but was not used in the final workshop on 11-4. 
time_to_disseminate_information = 4
    UNITS: Months
    DOCUMENT: Modeler's best estimate
violations_weight = 0.25
    UNITS: Dimensionless
weight_FRED_on_wwtw_public_awareness = 0.75
    UNITS: Dimensionless

**********
WQSAM_Integration_and_Biodiversity_Sector:
**********
additional_flow_change = 1
    UNITS: Dimensionless
    DOCUMENT: This variable allows for the user to make additional adjustments to flow, it is most useful to stimulate scenario thinking around CC projections - where uncertainty can exist in the severity of flow reduction. 
CC_switch = 0
    UNITS: Dimensionless
    DOCUMENT: The climate change switch allows the user to turn on and off assumptions that directly relate to climate change.
    
    
"combined_concentration_with_load_contribution_from_mines_in_mg/l" = total_instream_sulphate_load_per_month/(WQSAM_flow+seepage)*mg_to_KG/l_to_ML
    UNITS: mg/l
    DOCUMENT: The WQSAM data integrated into the model excludes information on releases form mining and WWTW. Therefore, the model provides that information endogenously based on the structure and assumptions for those sectors. Here the load contribution which is produced from the model structure (same for WWTW and mining & industry) is added to the load indicated by the simulated data from WQSAM. 
combined_concentration_with_load_contribution_from_WWTW = total_instream_phosphate_load_per_month/(WQSAM_flow+demand_for_WWTW_CC)*mg_to_KG/l_to_ML
    UNITS: mg/l
    DOCUMENT: The WQSAM data integrated into the model excludes information on releases form mining and WWTW. Therefore, the model provides that information endogenously based on the structure and assumptions for those sectors. Here the load contribution which is produced from the model structure (same for WWTW and mining & industry) is added to the load indicated by the simulated data from WQSAM. 
conservation_emphasis_impact_P = GRAPH(combined_concentration_with_load_contribution_from_WWTW)
(0.0000, 0.050), (0.0000, 0.100), (0.0000, 0.200), (0.0020, 0.400), (0.0040, 0.500), (0.0220, 0.700), (0.0560, 0.800), (0.1870, 0.900), (0.4730, 0.950)
    UNITS: Dimensionless
    DOCUMENT: Emmanuel data Oct. 11 *not to be distributed without correspondance with Emmanuel Vellemu. evellemu@gmail.com 
conservation_emphasis_S = GRAPH("combined_concentration_with_load_contribution_from_mines_in_mg/l")
(452.983564, 0.100), (882.1216022, 0.200), (2150.677045, 0.400), (3156.904072, 0.500), (6986.881431, 0.700), (11297.8112, 0.800), (22000.89387, 0.900), (38147.83009, 0.950)
    UNITS: Dimensionless
    DOCUMENT: Emmanuel data Oct. 11 *not to be distributed without correspondance with Emmanuel Vellemu. evellemu@gmail.com 
conservation_pressure_on_regulators_due_to_FRED_impacts = (2-Freshwater_Riverine_Ecosystem_Diversity)
    UNITS: Dimensionless
    DOCUMENT: 'Regulation pressure due to FRED impacts' multiplies the 'indicated new violations' related to the biodiversity impacts and is meant to capture the idea that conservation sector (KNP) has historically been a key-player in the litigation of mining companies, applying pressure to regulators to exercise their powers. The equation assumes this has a linear relationship to the value of FRED. By subtracting the decimal value of FRED from 2 relates the the inverse relationship that, as FRED decreases pressure goes up. 
"conservative_(low)_impact_P" = GRAPH(combined_concentration_with_load_contribution_from_WWTW)
(0.018, 0.050), (0.045, 0.100), (0.151, 0.200), (0.913, 0.400), (2.143, 0.500), (14.579, 0.700), (51.059, 0.800), (320.151, 0.900), (1561.41, 0.950)
    UNITS: Dimensionless
    DOCUMENT: Emmanuel data Oct. 11 *not to be distributed without correspondance with Emmanuel Vellemu. evellemu@gmail.com 
conservative_S = GRAPH("combined_concentration_with_load_contribution_from_mines_in_mg/l")
(2780.487561, 0.100), (4634.511583, 0.200), (10057.72175, 0.400), (14586.0634, 0.500), (33975.16273, 0.700), (59356.71085, 0.800), (135045.1023, 0.900), (275400.5505, 0.950)
    UNITS: Dimensionless
    DOCUMENT: Emmanuel data Oct. 11 *not to be distributed without correspondance with Emmanuel Vellemu. evellemu@gmail.com 
desired_level_of_FRED = 0.95
    UNITS: Dimensionless
    DOCUMENT: Emmanuel Vellamalu on a skype phone call (28-09) showed through his descriptions of the SSD curves that RQOs allow for 5% loss of freshwater biodiversity. Therefore 95% is chosen as the maximum for the FRED stock. (See DWA Planning Level Review 2011)
discharge_concentration_mining_&_industry = ("total_discharge_mines_in_KG/month"/(seepage))*mg_to_KG/l_to_ML
    UNITS: mg/l
    DOCUMENT: Discharge concentration for sulphates and phosphates was was also calculated based on feedback from Marlene vd Merwe Botha on 23-10. She encouraged the use of concentration to make the results more salient to WWTW managers, and I applied this to the sulphate discharge as well. Notice, that this is counter to the recommendation of the WQSAM modeler Hugo Ratief. I used this advice to ready the model for the workshop held with WWTW sector representatives. However, I chose not to use concentration for the final workshop on Nov. 4. due to difficulty communicating this results using this variable. Difficulty came from the integration of data sets from WQSAM, which created sharp spikes in behavior and made long-term trends difficult to recognize. 
"exceedance_of_phosphate_in_mg/l" = MAX(combined_concentration_with_load_contribution_from_WWTW-maximum_allowable_phosphate_concentration,  0)
    UNITS: mg/l
"exceedance_of_sulphate_in_mg/l" = MAX("combined_concentration_with_load_contribution_from_mines_in_mg/l"-maximum_allowable_concentration_sulphate,  0)
    UNITS: mg/l
FRED_recovery_time = IF(CC_switch=1) THEN(KNP_recovery_time_CC) ELSE(KNP_normal_recovery_time)
    UNITS: months
Freshwater_Riverine_Ecosystem_Diversity(t) = Freshwater_Riverine_Ecosystem_Diversity(t - dt) + (recovery_rate - biodiversity_loss) * dt
    INIT Freshwater_Riverine_Ecosystem_Diversity = 0.75
    UNITS: Dimensionless
    DOCUMENT: This structure was chosen to be a simple, aggregate indicator for biodiversity which evolved into Freshwater Riverine Ecosystem Biodiversity based upon the data provided by Emmanuel Vellamu. Mark’s description of recovery of biodiversity (Notes, 28-10 PMC) showed systemic thinking/understanding of the basic density dependency of this variable, validating its structure from the point of view of mining as well in addition to the validation from conservation representative Harry Biggs. 
    INFLOWS:
        recovery_rate = MAX(desired_level_of_FRED-Freshwater_Riverine_Ecosystem_Diversity,  0)/FRED_recovery_time
            UNITS: Dimensionless/month
            DOCUMENT: The formulation of recovery rate as a density-dependant feedback was discussed at length with Harry Biggs (conservation representative) on 03-10. He acknowledged that this assumption had validity at an aggregate level and stated that an average recovery time could range from 10-20 years. 
    OUTFLOWS:
        biodiversity_loss = indicated_percentage_of_biodiversity_in_response_to_phosphate_and_sulphate_exposure/pollution_impact_time
            UNITS: Dimensionless/month
            DOCUMENT: This formulation matches the idea that FRED is representative of a river which is flowing and, therefore, as pollutants pass by it is the reduced length of exposure that is captured by this. 
indicated_percentage_of_biodiversity_in_response_to_phosphate_and_sulphate_exposure = MAX(Freshwater_Riverine_Ecosystem_Diversity- (1-MIN( phosphate_effect_on_biodiversity+sulphate_effect_on_biodiversity,  desired_level_of_FRED)),  0)
    UNITS: Dimensionless
    DOCUMENT: Informal discussions with Hugo Ratief validated this basic formulation, as did interviews with Emmanuel Vellamu, to whom I explained the way in which his data was being applied within the model. While both of these individuals indicated that these interact with other dissolved substances, which can lead to greater impacts - the paucity of data (as well as its complicated nature) on this meant that representing it in the model was beyond scale and scope. In order to represent some of this 'compounding' influence, the impacts (as fractions) are simply added up in the 'indicated biodiversity' variable. Indicated biodiversity is taken as the inverse (hence 1 minus the sulphate and phosphate effects) giving the value of FRED that should be realized at the given level of pollutant discharge load. This is compared to the current value of FRED and, if lower, an indicated fractional value is arrived at that drives the biodiversity loss flow. In sum, the result is the change in the level of the stock based on the sulphate and phosphate effect SSD curves. 
intermediate_impact_P = GRAPH(combined_concentration_with_load_contribution_from_WWTW)
(0.00, 0.050), (0.001, 0.100), (0.005, 0.200), (0.038, 0.400), (0.092, 0.500), (0.563, 0.700), (1.686, 0.800), (7.73, 0.900), (27.177, 0.950)
    UNITS: Dimensionless
    DOCUMENT: Emmanuel data Oct. 11 *not to be distributed without correspondance with Emmanuel Vellemu. evellemu@gmail.com 
intermediate_impact_S = GRAPH("combined_concentration_with_load_contribution_from_mines_in_mg/l")
(452.983564, 0.100), (882.1216022, 0.200), (2150.677045, 0.400), (3156.904072, 0.500), (6986.881431, 0.700), (11297.8112, 0.800), (22000.89387, 0.900), (38147.83009, 0.950)
    UNITS: Dimensionless
    DOCUMENT: Emmanuel data Oct. 11 *not to be distributed without correspondance with Emmanuel Vellemu. evellemu@gmail.com 
KNP_normal_recovery_time = 180
    UNITS: months
    DOCUMENT: Meeting with The formulation10 to 20 years for recovery. Recovery is passive, not active so no need for restoration policy lever here. 
KNP_recovery_time_CC = 360
    UNITS: months
l_to_ML = 1000000
    UNITS: l/ML
    DOCUMENT: Basic conversion factor.
maximum_allowable_concentration_sulphate = 250
    UNITS: mg/l
    DOCUMENT: Email correspondence with Emmanuel: "I will also attach standard limits (a report by DWS, 2011 - see table E1 for standards) for sulphates and phosphates for South Africa - for references. You will notice that phosphate is measured as ortho-phosphate and the anything above 0.025 mg/L is unacceptable. For sulphates, anything above 250 mg/L or 0.25 g/L is unacceptable. " 
maximum_allowable_phosphate_concentration = 1
    UNITS: mg/l
    DOCUMENT: General and Special Standards GOVERNMENT GAZETTE 18 MAY 1984 NO. 9225 REGULATION NO. 991 18 MAY 1984 REQUIREMENTS FOR THE PURIFICATION OF WASTE WATER OR EFFLUENT
mg_to_KG = 1000000
    UNITS: mg/KG
    DOCUMENT: Basic conversion factor
normal_time_for_pollution_to_impact_biodiversity_levels = 36
    UNITS: months
    DOCUMENT: This is a best-guess estimate of the modeler and requires further validation. 
phosphate_effect_on_biodiversity = IF (phosphate_effect_switch=1) THEN( intermediate_impact_P) ELSE( IF( phosphate_effect_switch=2 )THEN (conservation_emphasis_impact_P) ELSE(  IF( phosphate_effect_switch=3) THEN( "conservative_(low)_impact_P") ELSE( 0)))
    UNITS: Dimensionless
    DOCUMENT: Working with Emmanuel Vellemu, a PhD researcher at Rhodes’ Institute for Water Research, several lookup functions were formulated in the model. These functions are species sensitivity distributions (SSDs) that are used to determine concentration limits for water quality monitoring. This is a highly important and novel set of data. Previously SSD curves had not been established for acid mine drainage and Emmanuel’s data uses sulphate concentrations as a proxy for heavy metals that have consequences for biodiversity. Emmanuel produced these based on his research and on a review of previous studies and they relate the concentration of phosphates or sulphates to the effect on freshwater biodiversity. As concentration increases the percentage of species affected increases. Emmanuel on several occasions worked with me to validate this formulation. For both phosphates an sulphates he supplied 3 seperate curves, acknowledging the uncertainty behind these calculations. The 'conservation emphasis' graphical lookups assume the greatest amount of damage and have the sharpest effect on biodiversity. Meanwhile, 'conservative' graphical functions have a less powerful influence, assuming that species are generally more resilient to increasing concentrations of the phosphates or sulphates, respectively. 'Intermediate' impacts represent a middle-ground between these two extremes. The 'effect switches' for both allow the user to select the level of impact used in the simulation. For sulphate, this is set to use the intermediate curve for the base run. The integration of these curves into the model lead to an insight on the part of the modeling team. Simulations showed that, in general, phosphates had a much greater effect on FRED. This was counter-intuitive behavior to the modeling team, as much discussion about great impacts of mining & industry on the Lower-Olifants River. However, discussions with Emmanuel Vellemu and Kruger National Park representatives (21-10) indeed verified this outcome. An important assumption was made here on the basis of the effect of phosphates. As the curves were integrated into the model and simulations run, the 'intermediate impact' SSD curve was having such a great impact on the phosphates that it became difficult to see any level of change from modifications to sulphates. Furthermore this impact was creating a rapidly declining behavior. Such behavior in the business as usual scenario seemed too dire, as a starting point for discussions within group process. This assumption was shared with KNP representatives (including Dr. Danny Govender a trained freshwater ecologist with experience in Kruger National Park since 2008) during a meeting on 21-10 who agreed that the behavior of the FRED stock was more appropriate using the 'conservative impact' phosphate setting. 
phosphate_effect_switch = 3
    UNITS: Dimensionless
    DOCUMENT: 1= intermediate impact 2= conservation emphasis 3= conservative 
pollution_impact_CC = 12
    UNITS: Months
pollution_impact_time = IF(CC_switch=1) THEN(pollution_impact_CC) ELSE(normal_time_for_pollution_to_impact_biodiversity_levels)
    UNITS: Months
    DOCUMENT: The pollution impact time is the average amount of time for the 'indicated biodiversity' to be realized in the stock. As part of of the climate change switch the assumption was made that pollution will have a faster impact on the FRED indicator - this assumption was shared with Taryn Kong on 27-10. She had concerns about the details behind this but could agree that at a very aggregate level this may indeed be the case. Further validation is needed for this assumption. 
ratio_of_phosphate_exceedance_to_maximum_allowable_concentration = "exceedance_of_phosphate_in_mg/l"/maximum_allowable_phosphate_concentration
    UNITS: Dimensionless
sulphate_effect_on_biodiversity = IF (sulphate_effect_switch=1) THEN(intermediate_impact_S) ELSE( IF(sulphate_effect_switch=2 )THEN (conservation_emphasis_S) ELSE(  IF(sulphate_effect_switch=3) THEN(conservative_S) ELSE( 0)))
    UNITS: Dimensionless
    DOCUMENT: Working with Emmanuel Vellemu, a PhD researcher at Rhodes’ Institute for Water Research, several lookup functions were formulated in the model. These functions are species sensitivity distributions (SSDs) that are used to determine concentration limits for water quality monitoring. This is a highly important and novel set of data. Previously SSD curves had not been established for acid mine drainage and Emmanuel’s data uses sulphate concentrations as a proxy for heavy metals that have consequences for biodiversity. Emmanuel produced these based on his research and on a review of previous studies and they relate the concentration of phosphates or sulphates to the effect on freshwater biodiversity. As concentration increases the percentage of species affected increases. Emmanuel on several occasions worked with me to validate this formulation. For both phosphates an sulphates he supplied 3 seperate curves, acknowledging the uncertainty behind these calculations. The 'conservation emphasis' graphical lookups assume the greatest amount of damage and have the sharpest effect on biodiversity. Meanwhile, 'conservative' graphical functions have a less powerful influence, assuming that species are generally more resilient to increasing concentrations of the phosphates or sulphates, respectively. 'Intermediate' impacts represent a middle-ground between these two extremes. The 'effect switches' for both allow the user to select the level of impact used in the simulation. For sulphate, this is set to use the intermediate curve for the base run. The integration of these curves into the model lead to an insight on the part of the modeling team. Simulations showed that, in general, phosphates had a much greater effect on FRED. This was counter-intuitive behavior to the modeling team, as much discussion about great impacts of mining & industry on the Lower-Olifants River. However, discussions with Emmanuel Vellemu and Kruger National Park representatives (21-10) indeed verified this outcome. An important assumption was made here on the basis of the effect of phosphates. As the curves were integrated into the model and simulations run, the 'intermediate impact' SSD curve was having such a great impact on the phosphates that it became difficult to see any level of change from modifications to sulphates. Furthermore this impact was creating a rapidly declining behavior. Such behavior in the business as usual scenario seemed too dire, as a starting point for discussions within group process. This assumption was shared with KNP representatives (including Dr. Danny Govender a trained freshwater ecologist with experience in Kruger National Park since 2008) during a meeting on 21-10 who agreed that the behavior of the FRED stock was more appropriate using the 'conservative impact' phosphate setting. 
sulphate_effect_switch = 1
    UNITS: Dimensionless
    DOCUMENT: 1= intermediate impact 2= conservation emphasis 3= conservative 
total_instream_phosphate_load_per_month = WQSAM_phosphate+"discharge_load_WWTW_in_KG/month"
    UNITS: KG/month
    DOCUMENT: This parameter adds together the endogenously generated load from ResiMod v.2 with the selected data-set from WQSAM (see WQSAM sulphate), giving the total instream phosphate load for the Ga-Selati on a monthly basis. 
total_instream_sulphate_load_per_month = WQSAM_sulphate+"total_discharge_mines_in_KG/month"
    UNITS: KG/month
    DOCUMENT: This parameter adds together the endogenously generated load from ResiMod v.2 with the selected data-set from WQSAM (see WQSAM sulphate), giving the total instream sulphate load for the Ga-Selati on a monthly basis. 
WQSAM_flow = (IF(CC_switch=1) THEN("WQSAM_flow_in_ML/month_CC") ELSE("WQSAM_flow_in_ML/month_historical"))*additional_flow_change
    UNITS: ML/month
    DOCUMENT: In addition to the load in KG/month, Hugo Ratief also supplied flow for the same time periods (see WQSAM sulphate KG/month). The flow was used to calculate concentrations with additional load coming fromt the SD model structure. 
"WQSAM_flow_in_ML/month_CC" = GRAPH(TIME)
    UNITS: ML/month
"WQSAM_flow_in_ML/month_historical" = GRAPH(TIME)
    UNITS: ML/month
WQSAM_phosphate = IF(CC_switch=1) THEN("WQSAM_phosphate_kg/month_CC") ELSE("WQSAM_phosphate_kg/month_historical")
    UNITS: kg/month
"WQSAM_phosphate_kg/month_CC" = GRAPH(TIME)
    UNITS: KG/month
    DOCUMENT: Water quality and quantity were not modelled endogenously in detail within ResiMod, but were rather drawn as exogenous inputs from the Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship between flow and water quality to simulate water quality variable loads, based on the principle of ‘requisite simplicity’ and within the South African reality of limited observed data. WQSAM has been developed as a model linked to the SPATSIM (Spatial and Time Series Information Modelling) framework. WQSAM relies on the input of simulated flow volumes from a yield model that is routinely used within water quantity management in South Africa (namely the Water Resources Modelling Platform (WReMP)). The climate modelling was performed with the expert input of the Climate System Analysis Group (CSAG), based out of the University of Cape Town. CSAG statistically downscaled climate projections from three General Circulation Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, representing a medium and high greenhouse gas concentration (not emissions) trajectories . These three GCMs were selected based on their similarity of dynamics of regional-scale climate processes rather than on local-scale responses such as surface rainfall and temperature, and to represent a wet, medium and dry scenario . The climate change projections utilised in the WReMP yield model and WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to date, namely the MIROC-ESM GCM. Future work may include the running of two further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of possible future conditions under the RCP8.5 greenhouse gas scenario. This graphical function, based on time, uses historical data taken from WQSAM from 1950-2000. This serves as the climate change run data for instream phosphate. 
"WQSAM_phosphate_kg/month_historical" = GRAPH(TIME)
    UNITS: KG/month
    DOCUMENT: Water quality and quantity were not modelled endogenously in detail within ResiMod, but were rather drawn as exogenous inputs from the Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship between flow and water quality to simulate water quality variable loads, based on the principle of ‘requisite simplicity’ and within the South African reality of limited observed data. WQSAM has been developed as a model linked to the SPATSIM (Spatial and Time Series Information Modelling) framework. WQSAM relies on the input of simulated flow volumes from a yield model that is routinely used within water quantity management in South Africa (namely the Water Resources Modelling Platform (WReMP)). The climate modelling was performed with the expert input of the Climate System Analysis Group (CSAG), based out of the University of Cape Town. CSAG statistically downscaled climate projections from three General Circulation Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, representing a medium and high greenhouse gas concentration (not emissions) trajectories . These three GCMs were selected based on their similarity of dynamics of regional-scale climate processes rather than on local-scale responses such as surface rainfall and temperature, and to represent a wet, medium and dry scenario . The climate change projections utilised in the WReMP yield model and WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to date, namely the MIROC-ESM GCM. Future work may include the running of two further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of possible future conditions under the RCP8.5 greenhouse gas scenario. This graphical function, based on time, uses historical data taken from WQSAM from 1950-2000. This serves as the business as usual (BAU) run data for instream phosphate. 
WQSAM_sulphate = IF(CC_switch=1) THEN("WQSAM_sulphate_KG/month_CC") ELSE("WQSAM_sulphate_KG/month_historical")
    UNITS: KG/month
    DOCUMENT: Here, the chosen WQSAM sulphate concentration is selected via the CC switch. 
"WQSAM_sulphate_KG/month_CC" = GRAPH(TIME)
    UNITS: KG/months
    DOCUMENT: Water quality and quantity were not modelled endogenously in detail within ResiMod, but were rather drawn as exogenous inputs from the Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship between flow and water quality to simulate water quality variable loads, based on the principle of ‘requisite simplicity’ and within the South African reality of limited observed data. WQSAM has been developed as a model linked to the SPATSIM (Spatial and Time Series Information Modelling) framework. WQSAM relies on the input of simulated flow volumes from a yield model that is routinely used within water quantity management in South Africa (namely the Water Resources Modelling Platform (WReMP)). The climate modelling was performed with the expert input of the Climate System Analysis Group (CSAG), based out of the University of Cape Town. CSAG statistically downscaled climate projections from three General Circulation Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, representing a medium and high greenhouse gas concentration (not emissions) trajectories . These three GCMs were selected based on their similarity of dynamics of regional-scale climate processes rather than on local-scale responses such as surface rainfall and temperature, and to represent a wet, medium and dry scenario . The climate change projections utilised in the WReMP yield model and WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to date, namely the MIROC-ESM GCM. Future work may include the running of two further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of possible future conditions under the RCP8.5 greenhouse gas scenario. This graphical function, based on time, uses projections taken from WQSAM from 2010 to 2060. This serves as the climate change run data for instream sulphate. 
"WQSAM_sulphate_KG/month_historical" = GRAPH(TIME)
    UNITS: KG/months
    DOCUMENT: Water quality and quantity were not modelled endogenously in detail within ResiMod, but were rather drawn as exogenous inputs from the Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship between flow and water quality to simulate water quality variable loads, based on the principle of ‘requisite simplicity’ and within the South African reality of limited observed data. WQSAM has been developed as a model linked to the SPATSIM (Spatial and Time Series Information Modelling) framework. WQSAM relies on the input of simulated flow volumes from a yield model that is routinely used within water quantity management in South Africa (namely the Water Resources Modelling Platform (WReMP)). The climate modelling was performed with the expert input of the Climate System Analysis Group (CSAG), based out of the University of Cape Town. CSAG statistically downscaled climate projections from three General Circulation Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, representing a medium and high greenhouse gas concentration (not emissions) trajectories . These three GCMs were selected based on their similarity of dynamics of regional-scale climate processes rather than on local-scale responses such as surface rainfall and temperature, and to represent a wet, medium and dry scenario . The climate change projections utilised in the WReMP yield model and WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to date, namely the MIROC-ESM GCM. Future work may include the running of two further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of possible future conditions under the RCP8.5 greenhouse gas scenario. This graphical function, based on time, uses historical data taken from WQSAM from 1950-2000. This serves as the business as usual (BAU) run data for instream sulphate. *Fabio noticed that the time series here is slightly askew probably due to an error in copy-pasting. 

WWTW_Sector:

average_life_of_WWTW_plant = effect_of_O&M_ratio_on_average_life_of_plant
    UNITS: months
    DOCUMENT: This variable is a placeholder to show that the 'effect of O&M ratio on average life of plant' translates into a time factor. 
average_time_for_capacity_loss = 120
    UNITS: months
    DOCUMENT: Best guess assumption by the modeler that average career length is approximately 10 years (120 months) for WWTW plant employees. 
average_time_to_repair = 6
    UNITS: months
    DOCUMENT: This estimate was taken from the interview with Phillip Ramalia, who gave an example of biological aerators which broke and took 6 months to repair. [Fabio - this could be an endogenous thing, this could be one combined variable with capacity available for maintenance. 
averaging_time = 36
    UNITS: months
CC_sewage_per_person = 150+(PULSE(5, 12,  12 ))
    UNITS: l/people/day
    DOCUMENT: See 'CC sewage per person in ML/month'
"CC_sewage_per_person_in_ML/month" = IF (CC_switch=1) THEN ((CC_sewage_per_person)*day_to_month/l_to_ML) ELSE (0)
    UNITS: ML/person/month
    DOCUMENT: This was added following discussions with Taryn Kong (27-10) who pointed out that CC can influence the amount of rainfall and therefore the amount of incoming sewage volume per person per month. To capture this, a pulse function was added which adds the additional volume in discrete and sudden events, much like flooding. 
day_to_month = 30
    UNITS: days/month
demand_for_WWTW_CC = (IF (CC_switch=1) THEN ("CC_sewage_per_person_in_ML/month") ELSE ("sewage_per_person_in_ML/month"))*percentage_of_population_connected*"total_population_Ba-Phalaborwa"
    UNITS: ML/month
"demand_forecast_(without_climate_change_switch)" = "sewage_per_person_in_ML/month"*percentage_of_population_connected*"total_population_Ba-Phalaborwa"
    UNITS: ML/month
discharge_concentration_WWTW = ("discharge_load_WWTW_in_KG/month"/demand_for_WWTW_CC)*mg_to_KG/l_to_ML
    UNITS: mg/l
"discharge_load_WWTW_in_KG/month" = ((phosphate_concentration_untreated/mg_to_KG*l_to_ML))*(WWTW_spill+"untreated_discharge_ML/month")+(phosphate_concentration_treated/mg_to_KG*l_to_ML*WWTW_physical_capacity_online)
    UNITS: KG/month
    DOCUMENT: Load was modeled primarily based on discussions with Hugo Ratief on 21-09, we discussed the value of modeling load, or the total amount of sulphate or phosphates that enter the Selati each month, rather than concentration. The reasoning behind this was that modeling concentration encourages the 'dilution solution to pollution' whereby the respective stakeholders (WWTW & mines) could argue that their discharge is acceptable, given an appropriate amount of instream flow within the Ga-Selati. The formulation of 'discharge load of WWTW' is calculated by multiplying the 'phosphate concentration of treated effluent' by the online capacity. Assuming that, all effluent which is discharged from operating WWTW will be at this lower concentration value. Similarly, the 'phosphate concentration of untreated effluent' is multiplied by the remaining WWTW demand volume ('untreated discharge ML/month'), plus any additional spills. 
effect_of_incoming_sewage_on_plant_efficiency = GRAPH("CC_sewage_per_person_in_ML/month")
(0.000, 0.0000), (0.0045, 0.0000), (0.0046, 0.3000), (1.000, 0.3000)
    UNITS: Dimensionless
    DOCUMENT: Also from correspondance with Taryn Kong (31-10), she performed a literature review of possible effects of climate change on WWTW and surmised that a reduction in efficiency is probable when sewage volumes increase due to extreme rainfall events. Therefore this estimate of efficiency reduction is included which works counter to the effect of new technology, that would improve efficiency. Furthermore, as seen in the 'final infrastructure efficiency factor' climate change can also have positive effects on WWTW operation because, as explained by Marlene (27-10) the temperature increase can make the biological reactions speed up allowing for WWTW to be 5-10% more efficient. 
effect_of_O&M_ratio_on_average_life_of_plant = GRAPH(ratio_of_O&M_to_capacity)
(0.000, 180.0), (0.100, 180.0), (0.200, 180.0), (0.300, 180.0), (0.400, 180.0), (0.500, 200.0), (0.600, 250.0), (0.700, 320.0), (0.800, 350.0), (0.900, 400.0), (1.000, 480.0)
    UNITS: Months
    DOCUMENT: 24-10 Held a meeting with Marlene vd Merwe-Botha. In this meeting we went through the WWTW sector structure and she described the effect of O&M maintenance on the lifetime of the plant. In this case I was able to directly ask her if the ratio of capacity was a useful measure of the routine maintenance capability. She confirmed this, and shared with me the non-linear relationship that exists here. We then worked together to develop the graphical function for the effect of O&M ratio on average life of plant. She later sent along a powerpoint slide set which further elucidated this idea. 
effect_of_percentage_offline_on_WWTW_spill_frequency = GRAPH(percentage_offline)
(0.000, 600.000), (0.200, 12.000), (0.400, 8.000), (0.600, 6.000), (0.800, 4.000), (1.000, 1.000)
    UNITS: Months
final_forecasted_demand = FORCST( (IF CC_switch=1 THEN "demand_forecast_(without_climate_change_switch)" ELSE (demand_for_WWTW_CC)),  averaging_time,  horizon)
    UNITS: ML/month
final_infrastructure_efficiency_factor = ((CC_switch*0)+IF("'good_governance'_switch"=1) THEN(step_increase_technology_good_gv) ELSE (step_increase_technology_BAU)) - effect_of_incoming_sewage_on_plant_efficiency
    UNITS: Dimensionless
    DOCUMENT: See 'o&m capacity available for maintenance' 
fraction_of_O&M_supported = 0.2
    UNITS: Dimensionless
    DOCUMENT: This fraction is an estimate that conveys the story shared by Marlene vd Mewe-Botha (12-09). She shared that human resource is one of the main issues under scruitiny by regulators at this point and that improvements are only likely over a very long time horizon (see 'time to train and update O&M capacity'). She emphasized the 'capable plant model' and that existing WWTW plants must have good management as well as technically capable operators to function at optimum levels. Furthermore, she indicated that the incompetence of regulators has lead to an overemphasis on increasing technical capabilities of plants wihtout improing the human resource side. She validated the vicious cycle that this creates, where more failures take place along with increasing technical capacity and that these failures then motivate funding applications for more techincal capacity. 
fraction_of_offline_capacity_contributing_to_spill_events_for_WWTW = 0.25
    UNITS: months/dimensionless
    DOCUMENT: This parameter is the best-guess assumption of the modeler. The structure was verified by Marlene vd Merwe-Botha (23-10) and I explained to her the way that this part of the structure functions. 
fraction_of_physical_dev_need_supported = 0.75
    UNITS: Dimensionless
    DOCUMENT: Similar to the narrative captured in the ' fraction of O&M supported' variable documentation. Marlene vd Mewe-Botha (12-09) indicated this receives more attention than does O&M. Therefore the intial value of this fraction receives a higher estimate.
horizon = horizon_in_years*months_per_year
    UNITS: months
    DOCUMENT: Percy 13/10/2016 Process Design Guide for Small Wastewater Works DJ Nozaic&SD Freese pg. 5 "Where possible, designs should beased on a 10 year design period for any one phase of construction. However, shorter periods or staged developments often need to be implemented to match predicted growth patterns. " Further confirmed by James Nkuna during working session meeting on 13-10
horizon_in_years = 10
    UNITS: Years
indicated_fraction_of_O&M_development_need_supported = IF("'good_governance'_switch"=1) THEN(.75) ELSE(fraction_of_O&M_supported)
    UNITS: Dimensionless
    DOCUMENT: This variable allows for integration of the good governance switch, where the fraction of O&M supported is increased, reflecting improved competence of the regulators. 
indicated_fraction_of_physical_development_need_supported = IF("'good_governance'_switch"=1) THEN(1) ELSE(fraction_of_physical_dev_need_supported)
    UNITS: Dimensionless
indicated_O&M_capacity_to_be_developed = ((final_forecasted_demand-WWTW_O&M_capacity)*"'good_governance'_switch")+((total_capacity-WWTW_O&M_capacity)*(1-"'good_governance'_switch"))
    UNITS: ML/months
indicated_physical_capacity_to_be_developed = MAX(final_forecasted_demand-total_capacity,  0)
    UNITS: ML/month
infrastructure_efficiency_factor = 1
    UNITS: Dimensionless
months_per_year = 12
    UNITS: months/year
new_technology_installation_time = new_technology_installation_time_in_years*months_per_year
    UNITS: months
new_technology_installation_time_good_gov = new_technology_installation_time_in_years_good_gov*months_per_year
    UNITS: months
new_technology_installation_time_in_years = 15
    UNITS: years
new_technology_installation_time_in_years_good_gov = 5
    UNITS: years
O&M_capacity_available_for_maintenance = MAX( (WWTW_O&M_capacity*final_infrastructure_efficiency_factor)-WWTW_physical_capacity_online,  0)
    UNITS: ML/month
    DOCUMENT: 'O&M capacity available for maintenance' is the difference between the physical capacity online and the O&M capacity. It assumes that operating online capacity takes an equivalent amount of O&M. The remaining O&M capacity is free to perform any necessary maintenance tasks. This is adjusted by the 'final infrasturcture efficiency factor' which allows the user to simulate scenarios where new WWTW plants that are installed require less O&M capacity to operate effectively. Therefore, a greater amount of O&M can be made available to perform maintenance tasks. 
operational_efficiency_factor_good_gov = 1.8
    UNITS: Dimensionless
percentage_of_population_connected = 0.4
    UNITS: Dimensionless
    DOCUMENT: ResiModV1 - percentage of population conneted to sewage, percentage of population illegally connecting: .66 BaPhalaborwa Local Government.co.za: .4 Assumption here that we did not include un-connected users as contributors to WWTW demand
percentage_offline = WWTW_physical_capacity_offline/total_capacity
    UNITS: Dimensionless
phosphate_concentration_treated = 0.25
    UNITS: mg/l
    DOCUMENT: Percy Kgowana provided the 'General and Special Standards, Government Gazette from 18 MAY 1984 NO. 9225 regulation no. 991', which sets standard requirements for the purificatio of waste water or effluent. The maximum concentration allowable is 1 mg/l. Percy indicated they are often treating effluent to a discharge concentration of .5 or less. The parameter value chosen (.25 mg/l) is highly conservative and was chosen based on behavior resulting from species senstivity distributions (see phosphate effect on biodiversity). For more information see the document Leg_General and Special Standards, included in the supplements. 
phosphate_concentration_untreated = 5
    UNITS: mg/l
    DOCUMENT: Percy Kgowana (AWARD intern with specialization in WWTW) noted that this can be variable and depends alot on population size. I interviewed Percy Kgowana regarding the parameter values here. He shared with me these can reach three to four times the maximum allowable concentration levels. Other data sources indicate that for small WWTW levels can reach upwards of 10 mg/l (see Nozaic&Freese_2009_Process Design Guide for Small WWTW, pg. 14). Given the variability indicated by Percy a more conservative estimate of 5 was chosen, weighted more towards estimates given by Percy who has worked closely with the Ba-Phalaborwa WWTW. 
population_growth_rate = 0.011/12
    UNITS: Dimensionless/month
    DOCUMENT: http://www.statssa.gov.za/?page_id=993&id=ba-phalaborwa-municipality. The fractional growth rate was reduced slightly, in order to compensate for compounding due to the monthly integration of the model. Value taken from the site is calculated based upon the period 2001-2011. 
ratio_of_O&M_to_capacity = (WWTW_O&M_capacity*final_infrastructure_efficiency_factor)/(total_capacity)
    UNITS: Dimensionless
    DOCUMENT: This variable shows the percentage of O&M with respect to the total physical capacity. A s the ratio approaches 1, it indicates adequate maintenance capacity is available to cover the total physical capacity. 
sewage_per_person = 150
    UNITS: l/people/days
    DOCUMENT: 150 l/person/day from resimodV1
"sewage_per_person_in_ML/month" = (sewage_per_person)*day_to_month/l_to_ML
    UNITS: ML/person/month
    DOCUMENT: converted to ML/month
start_time_WWTW_spill = 36
    UNITS: months
step_increase_technology_BAU = 1+(STEP(infrastructure_efficiency_factor-1,  new_technology_installation_time))
    UNITS: Dimensionless
step_increase_technology_good_gv = 1+(STEP(operational_efficiency_factor_good_gov-1,  new_technology_installation_time_good_gov))
    UNITS: Dimensionless
time_between_failures = 36
    UNITS: months
    DOCUMENT: Though Phillip Ramalia was asked this question in several different ways, he struggled to give a direct estimate. Instead, a best-guess was made by the modeler, with the (likely very conservative) reasoning that major failures of physical plant capacity only happen every three years. 
time_to_build_new_capacity = 36
    UNITS: months
    DOCUMENT: consider lag time associatedwith 
time_to_train_and_update_capacity_in_years = 10
    UNITS: years
    DOCUMENT: Years converted to months for model calculations. 
time_to_train_and_update_O&M_capacity = time_to_train_and_update_capacity_in_years*months_per_year
    UNITS: months
    DOCUMENT: Marlene vd Merwe-Botha gave an estimated range of 5-20 years for training of human resources required for plant operations to improve to an acceptable level. Here the median of this estimate has been applied (10 years). 
time_to_update_supported_capacity = IF("'good_governance'_switch"=1) THEN(24) ELSE(time_to_train_and_update_O&M_capacity)
    UNITS: months
    DOCUMENT: Marlene: 5- 20 years to see improvements in training
total_capacity = WWTW_physical_capacity_offline+WWTW_physical_capacity_online
    UNITS: ML/month
    DOCUMENT: IDP Report 2013/14 - 2015/16. Table 16 gives values in ML/day
"total_population_Ba-Phalaborwa"(t) = "total_population_Ba-Phalaborwa"(t - dt) + (population_growth) * dt
    INIT "total_population_Ba-Phalaborwa" = 150000
    UNITS: People
    DOCUMENT: The population drives the demand for WWTW. The fractional population growth rate is derived from the Statistics South Africa web-page . The fractional growth rate was reduced slightly, in order to compensate for compounding due to the monthly integration of the model. Value taken from the site is calculated based upon the period 2001-2011. The initial value was also taken from this site from 2011 values (150,637), and rounded down to 150,000 for simplicity. 
    INFLOWS:
        population_growth = population_growth_rate*"total_population_Ba-Phalaborwa"
            UNITS: People/Months
"untreated_discharge_ML/month" = MAX(demand_for_WWTW_CC-WWTW_physical_capacity_online,  0)
    UNITS: ML/month
WWTW_O&M_capacity(t) = WWTW_O&M_capacity(t - dt) + (increase_O&M_capacity - loss_of_O&M_capacity) * dt
    INIT WWTW_O&M_capacity = 350
    UNITS: ML/month
    DOCUMENT: The choice to model WWTW O&M capacity was made on the basis of an interview with Philip Ramalia (08-09) and on the basis of literature which described current challenges as "poor design and construction, lack of maintenance and skilled operators, non-compliance with applicable legal requirements, lack of proper monitoring, technical and management issues." Gopo 2013 pg. 13. The O&M capacity here is modeled in ML/month, and describes the overall ability of the managers, operators and general maintenance staff. The idea that O&M capacity has been underemphasized is a large part of the model narrative. Beginning with interviews with Phillip Romalia, Thamsanqa Mdluli, and Marlene vd Merwe Botha. The trap of under-investment in O&M leading to poor operations and lack of capacity was strongly described by Marlene. David Thobejani also confirmed this narrative and structural hypothesis. The initial value was set to reflect the current state of affairs, as described by Marlene, where O&M does not meet the technical needs of the plant. 
    INFLOWS:
        increase_O&M_capacity = indicated_O&M_capacity_to_be_developed*MIN(1,  indicated_fraction_of_O&M_development_need_supported*effect_of_public_concern_on_amount_of_O&M_capacity_development)/time_to_update_supported_capacity
            UNITS: ML/months/Months
    OUTFLOWS:
        loss_of_O&M_capacity = WWTW_O&M_capacity/average_time_for_capacity_loss
            UNITS: ML/months/Months
            DOCUMENT: Assumes retirement rate is the same for all employees, could be made more operational with pipeline delays, however this was not deemed necessary for the lessons the model was trying to convey. 
WWTW_physical_capacity_offline(t) = WWTW_physical_capacity_offline(t - dt) + (failure_rate_of_WWTW - repair_rate_of_WWTW - decomissioning) * dt
    INIT WWTW_physical_capacity_offline = 150
    UNITS: ML/months
    DOCUMENT: WWTW physical capacity offline is the capacity of a plant which is inoperable for any number of reasons. For both the online and offline capacities, data for WWTW plants servicing the Ba-Phalaborwa municipality was used to set initial values. This was taken from ResiMod v.1, and due to limited documentation on this version of resimod, the estimates here may need further revision. 
    INFLOWS:
        failure_rate_of_WWTW = WWTW_physical_capacity_online/time_between_failures
            UNITS: ML/months/Months
    OUTFLOWS:
        repair_rate_of_WWTW = MIN(O&M_capacity_available_for_maintenance/average_time_to_repair,  WWTW_physical_capacity_offline/average_time_to_repair)
            UNITS: ML/months/Months
            DOCUMENT: Also in line with Marlene vd Merewe-Botha (12-09) - repairs take place, but they are limited by the amount of O&M capacity available. Furthermore, t available for maintenance and delayed by the 'average time to repair.' This structure was further validated by Marlene during a second working session on 23-10. 
        decomissioning = WWTW_physical_capacity_offline/average_life_of_WWTW_plant
            UNITS: ML/months/Months
            DOCUMENT: Assume capacity will first become offline before it will become decomissioned at a rate comensurate with the average life of WWTW, determined by the ratio of O&M to total plant capacity. 
WWTW_physical_capacity_online(t) = WWTW_physical_capacity_online(t - dt) + (new_physical_capacity + repair_rate_of_WWTW - failure_rate_of_WWTW) * dt
    INIT WWTW_physical_capacity_online = 350
    UNITS: ML/months
    DOCUMENT: WWTW physical capacity online, refers to the plant’s total capacity to physically process incoming sewage to a concentration level which satisfies the Recommended Quality Objectives (RQOs) for phosphate. For both the online and offline capacities, data for WWTW plants servicing the Ba-Phalaborwa municipality was used to set initial values. Initial values taken from IDP Report 2013/14 - 2015/16 for Ba-Phalaborwa, Table 16 gives values in ML/day which was converted to ML/month for the purposes of this model. 
    INFLOWS:
        new_physical_capacity = ((indicated_physical_capacity_to_be_developed*MIN(1,  (indicated_fraction_of_physical_development_need_supported*effect_of_public_concern_on_amount_of_O&M_capacity_development)))/time_to_build_new_capacity)
            UNITS: ML/months/Months
        repair_rate_of_WWTW = MIN(O&M_capacity_available_for_maintenance/average_time_to_repair,  WWTW_physical_capacity_offline/average_time_to_repair)
            UNITS: ML/months/Months
            DOCUMENT: Also in line with Marlene vd Merewe-Botha (12-09) - repairs take place, but they are limited by the amount of O&M capacity available. Furthermore, t available for maintenance and delayed by the 'average time to repair.' This structure was further validated by Marlene during a second working session on 23-10. 
    OUTFLOWS:
        failure_rate_of_WWTW = WWTW_physical_capacity_online/time_between_failures
            UNITS: ML/months/Months
WWTW_spill = PULSE(WWTW_spill_volume, start_time_WWTW_spill,effect_of_percentage_offline_on_WWTW_spill_frequency)*WWTW_spill_switch
    UNITS: ML/month
WWTW_spill_switch = 0
    UNITS: Dimensionless
WWTW_spill_volume = WWTW_physical_capacity_offline*fraction_of_offline_capacity_contributing_to_spill_events_for_WWTW
    UNITS: ML
