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five hydropeaking and pumped storage facilities and reservoirs. The Northfield facility 

(NFD) is a pump-storage power plant that is slightly off the river to the east. The other 

four facilities are large reservoirs located on the mainstem. The facilities are operated by  

 

Figure 1.1. System schematic for the Connecticut River hydropower facilities undergoing 

a joint FERC relicensing process (refer to Table 1.1. for abbreviations) 
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Table 1.1. Characteristics of the hydropower reservoirs studied 

Reservoir  

(Abbreviation) 

Operation 

type 
Operator 

Average 

inflow 

(m3/s) 

(cfs) 

Active 

storage 

million m3 

(acre-foot) 

Estimated 

refill time 

(hr) 

Power 

capacity 

(MW) 

Wilder 

(WLD) 
Peaking TransCanada 

181 

(11,010) 

16.5 

(13,350) 
25 35.6 

Bellows Falls 

(BFA) 
Peaking TransCanada 

297 

(10,500) 

9.2 

(7,480) 
8.6 48.6 

Vernon 

(VRN) 
Peaking TransCanada 

346 

(12,200) 

14.7 

(11915) 
11.8 32.4 

Northfield 

(NFD) 

Pumped 

Storage 
FirstLight N/A 

15.2 

(12,328) 
10 1,119 

Turners Falls 

(TRN) 
Peaking FirstLight 

394 

(13,900) 

10.9 

(8861) 
7.7 73.4 

 

two companies (TransCanada, and FirstLight) involved in a joint relicensing process. 

Table 1.1 provides key characteristics of the facilities studied, demonstrating their 

hydrologic and power capacity data. Northfield pumped-storage facility is one of the 

largest facilities of this kind in the world with a power capacity of 1119 MW. The other 

four hydropeaking facilities depicted in Table 1.1 have much lower power capacities. An 

average refill time is estimated and depicted in Table 1.1 using average inflow values and 

the reservoir storage capacity values. The refill time values calculated are not significant 

compared to the average flow values, suggesting these facilities do not have the potential 

to alter the mainstem flow regime on a time-scale greater than 24-hour. However, the 

facilities store water and release huge values affecting downstream flow regimes on a 

sub-daily scale. 

Figure 1.2. illustrates the real-time energy prices along with flows observed at the USGS 

gage 01144500 downstream of Wilder and the reservoir inflows for the first week in 
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January 2003. As it is evident in Figure 1.2.a. there usually exist two peaks within a day. 

Historical flows observed downstream of Wilder reservoir at USGS gage 01144500 seem 

to follow sub-daily energy price variations for the region and they too show two peaks 

during a day, matched with the energy prices peaks. Comparison of parts a, b of Figure 

1.2. reveals Wilder operators schedule releases to make as much revenue as possible by 

releasing significant volumes through turbines during peak demand hours when the 

region energy prices are higher. Hydropeaking operations at other reservoirs are expected 

to be similar given the same energy prices variations for the region. 

 

Figure 1.2. Real-time energy prices for western-central mass area, b) Flow at USGS gage 

01144500 and inflows observed, for the horizon 01/01/2003 to 01/08/2003 

Figure 1.2.b. shows Wilder inflows and flows observed at the gage downstream of the 

reservoir for the same horizon. Wilder inflows have smoother variations that is impacted 
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by operation of the upstream hydropeaking facilities. Comparing outflows and inflows of 

Wilder at Figure 1.2.b., conveys Wilder hydropeaking regulations make the outflows 

much flashier compared to the inflows to make as much revenue as possible.  

1.3. Data 

The data used in this research include reservoirs inflows, energy prices, turbine and 

generator characteristics, reservoirs minimum and maximum storage values, release 

requirements, and rates of changes for release values. Reservoir inflows are calculated 

using the Connecticut River Unimpacted Streamflow Estimation (CRUISE) tool 

developed by the United States Geological Survey (USGS) (Archfield et al., 2012a). This 

tool provides daily flow data for the horizon 1961-2011 for the reservoirs. Natural daily 

flows are calculated using the same tool and then simply disaggregated from the daily 

time-step to hourly time-step. Observed hourly flows upstream of Wilder reservoir were 

incorporated into the hourly model. Other data required to develop the model are either 

extracted from reservoirs documents or through contacting operators. 

Independent System Operator New England (ISO-NE) provides hourly energy prices. 

Historical real-time energy price data for the region were downloaded from the ISO-NE 

website and were incorporated into the model to serve as the signal which would cause 

the optimizer to mimic the current operations. Since the data is available for 2003-

present, the modeled horizon in this study is limited to the 2003-2011 period where 

available CRUISE and ISO-NE real-time energy prices overlap.  

Table 1.2. and Figure 1.3. illustrate historical power generations across the facilities for 
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years 2003-2011. Because the Northfield Mountain Project was out of operation for much 

of year 2010, the average calculated for Northfield excludes this year. The Northfield and 

Turners Falls information for year 2011 are not available. The data in the Table 1.2 are 

used to calibrate the baseline model aimed at matching the historical power generations. 

Table 1.2. Annual historical power generated (in MWH) at the five hydropower facilities 

for the horizon 2003-2011 

Year WLD BFA VRN NFD TRN 

2003 146,931 220,816 124,956 1,034,432 281,836 

2004 146,380 237,628 125,675 1,056,540 301,500 

2005 166,302 261,138 111,336 910,072 342,192 

2006 191,383 293,816 131,066 1,035,395 412,628 

2007 157,940 250,320 113,113 1,100,567 310,868 

2008 193,550 282,756 171,514 1,179,584 403,505 

2009 185,552 290,576 192,564 972,596 409,215 

2010 173,664 264,346 161,782 372,689 343,563 

2011 166,430 272,608 170,941 NA NA 

Average 169,792 263,778 144,772 1,041,312 350,663 

 

Figure 1.3. Annual historical power generated at the five hydropower facilities for years 

2003-2011 

1.4. Model Formulation Experiment 

To compare different alternative operation scenarios results with the current operations, it 
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is required to first develop a model that closely mimics the current operations. 

Afterwards, models associated with alternative operation scenarios are developed. Given, 

the reservoirs are operated to maximize hydropower generation revenues by storing water 

during non-peak hours and releasing significant water during peak hours, an optimization 

model would be capable of closely resembling this kind of operation with an objective 

function of maximizing total revenues. Revenues made are a function of power generated 

and energy prices. Power generated at each facility is a function of turbine and generator 

efficiency, specific weight of water, flow rate, and water head over turbines as follows: 

 𝑃 =  𝜂 × 𝛾 × 𝑄 × ℎ𝑒𝑎𝑑 (1.1) 

where 𝑃 denotes hydropower generated, 𝜂 denotes turbine efficiency, 𝛾 is specific weight 

of water, 𝑄 is the flow rate, and ℎ𝑒𝑎𝑑 is the water head over turbines. If water head 

variations are not significant, it can be assumed that the water head is constant. For the 

facilities studied, this assumption is reasonable given hydraulic head variations are small 

compared to average heads. This assumption makes the power term in the equation 1.1 a 

linear function of water discharge. Since mathematical programming models consider 

flow value passed through turbines in a time-step (like an hourly time-step), one can use 

flow passed through turbines instead of discharge rate in the equation 1.1. As a result, 

power generated in each hour ℎ for facility 𝑓 is dependent of water volume released 

through the turbine during the hour as follows: 

 𝑃𝑓,ℎ  =  𝑅𝑓,ℎ × 𝐶𝑓 (1.2) 

where 𝑃𝑓,ℎ is the power generated during hour ℎ for facility 𝑓,  𝑅𝑓,ℎ denotes the turbine 



 

15 

 

release for facility 𝑓 during hour ℎ, and 𝐶𝑓 denotes the conversion factor relating turbine 

release to power generated at facility ℎ. In this research, a model is developed that 

maximizes total hydropower revenues for the five sequential facilities. Revenue made at 

each hour of operation is product of power made and the energy price during the time-

step. Thus, the objective function can be written as: 

 𝑀𝑎𝑥 𝑍 =  ∑ ∑ 𝑃𝑓,ℎ × 𝐸ℎ

𝐻

ℎ=1

𝐹

𝑓=1

(1.3) 

where 𝑍 denotes the objective function of the programming model; and 𝐸ℎ is the real-

time energy price at the time-step (hour ℎ). The objective function in (1.3) is subject to 

some constraints that either represent operation requirements or the system operation 

limitations including minimum and maximum flow rates, generator capacities, minimum 

and maximum reservoir storage capacities, rates of changes in releases, and mass 

balances of the reservoirs. 

The objective and constraints are linear but binary variables are used in some constraints 

resulting in a mixed-binary mathematical programming model. The motivation for 

introducing binary variables is to properly model Northfield pumped-storage facility 

operations. The Northfield facility usually pumps water from the river up to the reservoir 

during non-peak hours and then release the water during peak hours when energy prices 

are higher. Since, water is not pumped and released at the same time, binary variables are 

introduced to the mass balance of the reservoir as follows: 

 𝑆ℎ+1  =  𝑆ℎ +  𝐼ℎ  −  𝑅ℎ, ∀ ℎ = 1, . . . , 𝐻 (1.4) 
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 𝐼ℎ  <=  𝑏ℎ × 𝐿, ∀ ℎ = 1, . . . , 𝐻 (1.5) 

 𝑅ℎ  <=  (1 − 𝑏ℎ) × 𝐿, ∀ ℎ = 1, . . . , 𝐻 (1.6) 

where 𝑆ℎ denotes storage value at the beginning of hour ℎ, 𝐼ℎ denotes the water volume 

pumped up to the Northfield reservoir during hour ℎ, 𝑅ℎ is the water volume released 

down during hour ℎ, 𝐻 is the number of hours modeled, 𝑏ℎ is a binary (zero-one) 

variable, and 𝐿 is an arbitrary large value. The purpose of introducing binary variables 

and these constraints is to enforce the optimizer does not assign values to the water 

pumped and water released for the same hour. For a given hour ℎ, if binary variable 𝑏ℎ 

takes value of one, then based on Constraint 1.3, 𝐼ℎ will be enforced to be less than the 

large value 𝐿 and 𝑅ℎ will take value of zero since it must be non-negative. If 𝑏ℎ takes 

value zero, then  𝐼ℎ will be zero and 𝑅ℎ can take a positive value less than 𝐿. It should be 

noted 𝐿 value has to be chosen large enough so that it does not limit operations when 𝐼ℎ, 

𝑅ℎ take positive values. 

1.5. Operational Scenarios 

Three different operation scenarios are modeled in this study. The first scenario is called 

a baseline scenario in which it is tried to match the power generations outcomes with the 

historical power generations across all the facilities. The outcomes of the baseline model 

are compared with the data presented in Table 1.2. Two other alternative scenarios 

include an IEO scenario and a Closed-loop scenario explained in the following. 

IEO, standing for inflow equals outflow, represents an operation scenario in which the 

four reservoirs on the mainstem are enforced to release flows equal to inflows while the 
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Northfield facility can still hydropeak. The reason why TNC desired to study outcomes of 

this scenario was that they expected this scenario to have a potential to improve the flow 

regime characteristics because the four sequential reservoirs would not regulate flows in 

this case. Under the IEO scenario, Northfield pumped-storage facility is assumed to 

hydropeak meaning it can pump water up from its lower reservoir, Turners Falls, and 

release water down during peak demand hours to the same reservoir. Turners Falls 

reservoir would be able to control significant flow alterations resultant of Northfield 

operations. This scenario is modeled by introducing constraints that enforce the outflows 

equal inflows at any time-step for the four reservoirs on the mainstem. 

Another scenario modeled is called Closed-loop under which it is assumed another 

reservoir as big as Northfield reservoir is constructed at the same elevation as the river. 

The hypothetical reservoir is used as the downstream reservoir for the Northfield 

operations. Under this scenario, there would be no linkage between the hypothetical 

pumped-storage system and the Connecticut River. The motivation for developing this 

scenario for TNC was to investigate flow regime and economic outcome if Northfield 

operations are completely detached from the remainder of the system. It was expected 

such a scenario significantly alleviate flow regime alterations. A version of the model that 

considers operations associated with this scenario is developed assuming a reservoir as 

big as Northfield is available with the same turbine efficiency and pumping and release 

capacities used in the baseline model. 

 



 

18 

 

1.6. Results and Analysis 

The models are developed in GUROBI (GUROBI Optimization Inc, 2018) solver 

environment. For the Baseline model, 5 reservoirs are modeled over 9 years with an 

hourly time-step. Release and storage values are decision variables in each reservoir 

operation (Eq. 1.4) while there are constraints on minimum and maximum of these 

variables in each time-step. There is a binary variable for each time-step associated with 

Northfield reservoir operation (Eq. 1.6) As a result, there are 2,995,913 constraints, 

78,840 integer (binary) variables, and 2,680,565 continuous decision variables for the 

entire analysis horizon. The run-time is less than an hour on the machine used (Intel Xeon 

Processor E5-2630 v4 25M Cache, 2.20 GHz, 16 GB RAM) with an optimality gap of 

1% (it means the optimal solution is within 1% of the solution). Three model versions 

associated with the Baseline, IEO, and Closed-loop operation scenarios are developed 

and solved. In the following sections the key results are presented and analyzed. 

1.6.1. Hydropeaking Operation 

The Baseline model was developed aimed at closely mimicking historic hydropeaking 

operations in the five sequential hydropower facilities on the mainstem. To calibrate the 

baseline version, maximum allowed ramping rates (rates of changes in release values) 

were adjusted in a way that results in modeled hydropower outcomes comparable to those 

of historical power generations across the facilities. Since the objective function in the 

model is set as maximization of total hydropower revenue made at the facilities, the 

modeled operations follow energy prices variations. Thus, the reservoirs hydropeak, 

meaning they store water during non-peak hours and release the water during hours with 
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high energy prices. A sample of the hydropeaking operations for the five reservoirs, 

along with the real-time energy prices variation for a one-week horizon are illustrated in 

Figure 1.4. Figure 1.4.a illustrates the hourly energy prices in $/MWH for the horizon. 

Figure 1.4.b illustrates modeled outflows of the four hydropeaking reservoirs WLD, 

BFA, VRN, and TRN on the mainstem. It is observed that the optimized outflows for all 

the four reservoirs usually vary accordingly since energy prices are the same for all the 

facilities modeled in this study. 

From Figure 1.4. one can conclude that the lower the reservoir, the higher release rate. 

This is because the water released from the upstream reservoirs end up in the lower 

reservoirs. Among the four reservoirs, TRN has the highest outflow rates since it is the 

lower-most reservoir on the Connecticut River mainstem. Figure 1.4.c. presents the 

Northfield pumped-storage facility outflow and intake rates for the same horizon. 

Northfield releases during peak hours and pumps water up during non-peak hours. 

Maximum releases coordinate with the other four reservoirs hydropeaking timing. The 

release and pumping rate changes are limited by the ramping rates applied. It is evident 

that Northfield release and pumping does not happen at the same time indicating the 

introduction of binary variables in the mass balance equation of the facility is working 

properly since it does not allow the optimizer to allocate positive values to release and 

pumping at the same time. 
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 Figure 1.4. a) Real-time energy prices; b) Mainstem facilities outflow rate; c) Northfield 

outflow and intake rate for the horizon 01/01/03 to 01/08/03 and the Baseline operation 

scenario 

1.6.2. Power Generation Outcomes 

Average annual historical power generations along with the hydropower outcomes for the 

three operation scenarios modeled for years 2003-2011 are depicted in Table 1.3., 

illustrated in Figure 1.5. The power made at each facility depends on several factors 

including operation type, turbine efficiency and capacity, storage size, and the amount 
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and timing of inflows. As illustrated in Figure 1.5., the power outcomes of the Baseline 

model closely match the historical power generations for each facility. This indicates the 

baseline model is accurately modeling the status-que operations in terms of power 

generations. As depicted in Table 1.3., the total historic power generation across the 

facilities is 1,970,318 MWH while the total for the Baseline model is 1,965,612 MWH, 

showing a 0.2 % difference. All facilities except for Northfield have generated very close 

hydropower under different operation scenarios. The hydropower generated for a specific 

facility is dependent on the total water volume released through turbines (not the water 

spilled out). It seems the total water released through the turbines for the four 

hydropeaking facilities on the mainstem is the same under Baseline and Closed-loop 

operation scenarios. Moreover, it seems under IEO scenario more spilling happens 

resulting in slightly lower power generation. The reason is because sometimes the inflow 

rates are higher than the turbine capacities. The ability of the reservoirs to regulate 

inflows under Baseline and Closed-loop scenarios facilitates regulating inflows when 

they are higher than turbine capacities. The turbine capacity limitation has resulted in a 

slight power generation reduction on the mainstem facilities under IEO scenario 

compared to the Baseline and Closed-loop scenarios.  
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Table 1.3. Average Annual hydropower generation (in MWH) under historic operation 

and the three modeled operation scenarios for the five facilities on the Connecticut River 

for years 2003-2011   

Operation 

Scenario 
Wilder 

Bellows 

Falls 
Vernon Northfield 

Turners 

Falls 
Total 

Historic 169,792 263,778 144,772 1,041,312 350,663 1,970,318 

Baseline 161,816 248,066 149,182 1,027,713 378,835 1,965,612 

IEO 156,657 239,436 143,242 945,645 365,455 1,850,434 

Closed-loop 161,814 248,043 149,170 1,700,649 380,346 2,640,022 

 

 Figure 1.5. Historical and modeled average annual power generation of the five 

hydropower facilities for years 2003-2011 

Northfield has generated around 8% less power under IEO scenario, and 65% more in the 

Closed-loop scenario compared to the Baseline scenario. The reason for the 8% reduction 

under IEO scenario seems to be the inability of the Northfield facility to rely on the 

upstream reservoir (Vernon) releases as the intake since the Vernon reservoir releases 

cannot be stored at Turners Falls reservoir to be used for Northfield pumping. The reason 
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for the significant 65% increase under Closed-loop scenario is because Northfield and the 

hypothetical lower reservoirs would be able to operate at their full capacity with water 

being always available for pumping or release. 

1.6.3. Hydropower Revenue Outcomes 

The average annual economic outcomes under each operation scenario is presented in 

Table 1.4 and Figure 1.6. The revenue calculated is a multiplication of the energy made 

(Eq. 1.2) and the energy price during each time-step. Historical revenue data are not 

available to be used for comparison. The results associated with the Baseline, IEO, and 

Closed-loop scenarios are presented for years 2003-2011. The revenue modeled at the 

facilities depend on power generated and the energy prices. Northfield and Turners Falls 

make higher revenues due to the larger size of the facilities and passing higher inflows 

through the turbines. 

Under IEO scenario, the revenue made at the facilities for Wilder, Bellows Falls, Vernon, 

Northfield, and Turners Falls is respectively around 10%, 8%, 9%, 11%, and 17% 

reduced compare to the Baseline scenario results. These reductions identify the loss 

associating with implementing the IEO scenario compared to the Baseline operation 

scenario. The highest reduction is observed in Northfield and Turners Falls power plants. 

Under the IEO scenario, Northfield will just rely on the Turners Falls storage capacity for 

its pumping since the Vernon releases would not be available for Northfield operations, 

resulting in a 11% reduction in the revenue made at this facility. Turners Falls 

experiences a 17% reduction under IEO compared to the Baseline, which is because 

under this scenario the reservoir just releases the volume released from Vernon and 
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would not be able to release Northfield releases when Northfield dispatches huge 

volumes of water during peak energy prices hours to the Turners Falls reservoir. The total 

revenue calculated for the system under IEO scenario is 12% less than the revenue 

associated with the Baseline scenario. Under Closed-loop scenario, reservoirs Wilder, 

Bellows Falls, and Vernon have resulted in revenues very close to that of Bassline 

scenario while Northfield revenue is 80% increased and Turners Falls revenue is 10% 

decreased. The reason for the increase in Northfield revenue is obviously due to 

utilization of the hypothetical reservoir full capacity under the scenario. The reason for 

the 10% decrease in Turners Falls revenues seems to be the inability of the reservoir to 

release Northfield release under Closed-loop scenario since in this scenario the Northfield 

is releasing into the lower hypothetical reservoir. The total revenue generated under 

Closed-loop scenario is 22% more compared to the Baseline scenario. 

Table 1.4. Average Annual hydropower revenue (in million $) under the three modeled 

operation scenarios for the five facilities on the Connecticut River for years 2003-2011 

Operation Scenario Wilder Bellows Falls Vernon Northfield Turners Falls Total 

Baseline 10.2 15.1 9.0 26.9 25.4 86.7 

IEO 9.2 13.9 8.2 23.9 21.1 76.3 

Closed-loop 10.2 15.1 9.1 48.6 23.0 106.1 
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Figure 1.6. Modeled average annual revenue results of the five hydropower facilities for 

years 2003-2011 

1.6.4. Flow Regime Outcomes 

The alternative operation scenarios, IEO and Closed-loop are expected to improve flow 

regimes for ecological goals. Figure 1.7 shows a sample of hydrograph at the system 

outlet (Turners Falls outlet) for a one-week horizon, illustrating the differences in flow 

regime between the operation scenarios. Under Baseline and Closed-loop scenarios, the 

reservoir releases indicate hydropeaking operation while under IEO scenario, releases 

variations are smooth. Although the flows under IEO scenario are not completely 

unregulated, since the variations are affected by the system upstream regulations, this 

figure shows that implementing the IEO scenario has the potential to significantly 

decrease hydropeaking effects that might be beneficial to the watershed communities. 

The flows under the Closed-loop scenario illustrate slightly less flashiness compared to 

the Baseline scenario which could be because under this alternative scenario Northfield 

hydropeaking operations are not intensifying fluctuations at the system outlet. 



 

26 

 

 

Figure 1.7. System outlet time-series for the horizon 01/01/03-01/08/03 under different 

operation scenarios 

Three flow statistics, Richard-Baker flashiness index, average daily peak flow rate, and 

average daily flow rate were of interest of TNC to be investigated. The metrics are 

measured to quantify the sub-daily flow regime characteristics under the different 

modeled operation scenarios: Baseline, IEO, and Closed-loop. The metrics are calculated 

for different seasons to investigate the sub-daily flow metric. Richard-Baker flashiness 

(RBF) index measures the rate of flow changes at a sub-daily time scale. It calculates the 

relative rate of change in flow values across a day by calculating the summation of 

average changes in flows during a day and dividing it by the summation of flow values 

during the day (Zimmerman et al., 2010).  The metric is formulated as: 

 𝑅𝐵𝐹 =
∑ 0.5(|𝐹𝑡+1 − 𝐹𝑡| + |𝐹𝑡 − 𝐹𝑡−1|)𝑁

𝑡=1

∑ 𝐹𝑡
𝑁
𝑡=1

(1.7) 

where  𝐹𝑡 denotes the flow value associated with time 𝑡; and 𝑁 denotes the number of 

steps which is 24 in this study.  



 

27 

 

 

Figure 1.8. Richard-Baker flashiness index by season under the three modeled operation 

scenarios at the system outlet (Turners Falls releases) 

RBF index is calculated for the system outlet (at Turners Falls reservoir outlet) and the 

box plots of the values calculated are presented in Figure 1.8 for different operation 

scenarios to investigate how implementation of different scenarios might affect flow 

regime at downstream of the system. As it is evident in the figure, the IEO scenario has 

significantly reduced the range of variations while the Closed-loop operation scenario has 

very slightly reduced the range compared to the Baseline operation scenario. The slight 

improvement in the Closed-loop scenario is due to the detachment of the Northfield 

facility huge releases during high energy prices that must be released out from the 

downstream reservoir, Turners Falls. The flashiness metric has higher median and ranges 

of variations during Spring for Baseline and Closed-loop scenarios which could be due to 

high inflows during the season. The metric median for the Baseline and Closed-loop 

scenarios are roughly 0.08, 0.32, 0.1, and 0.11 respectively for Winer, Spring, Summer, 

and Fall. The median flashiness associated with IEO scenario are very close in every 
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season and around 0.04. 

 

Figure 1.9. Average daily peak flow rate (cfs) for different seasons under the three 

operation scenarios modeled at the system outlet (Turners Falls releases) 

The average daily peak flow rate is calculated for the system outlet for different seasons 

under the studied operation scenarios and are presented in Figure 1.9. Compared to the 

Baseline scenario, the results for IEO scenario are much smaller in every season, showing 

a significant improvement in the magnitude component of the river’s flow regime, while 

the Closed-loop scenario results are just very slightly lower. The results for the IEO 

scenario are at least twice smaller in every season compared to the two other scenarios. 

Like the flashiness metric evaluation, this metric has higher values during Spring (around 

120,000 cfs for Baseline and Closed-loop scenarios and 30,000 cfs for IEO scenario) 

under every operation scenario while the results for the other seasons are not significantly 

different under a given operation scenario.  
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Figure 1.10. Average daily flow rate (in cubic feet per second) for seasons under the three 

modeled operation scenarios at the system outlet (Turners Falls releases) 

The average daily flow rate metric is calculated for all the seasons under the operation 

scenarios studied and are illustrated in Figure 1.10.  As it is evident in this graph, the 

results for different operation scenarios are very close. This is because the storage 

capacity at the mainstem reservoirs is not significant compared to the average daily flows 

and as a result the facilities lack the potential to change average flows on a daily or a 

larger time-scale. This result further supports the idea that the hydropeaking operations 

should be studied on a sub-daily time scale.  

1.7.  Conclusions 

Hydropower reservoir operations on the Connecticut River mainstem have altered flow 

regime on a sub-daily time-scale because the operations follow sub-daily energy market 

dynamics resulting in implications for the watershed ecology. In this research, a 

mathematical programming model was developed in GUROBI optimizer environment as 

an alternative operation scenario assessment tool to evaluate power, revenue, and flow 
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regime outcomes of different operation scenarios. The Baseline model closely matched 

historical power generations of the five large sequential reservoirs in the system studied 

and resulted in hydropeaking operation comparable to real-world hydropeaking 

operations. Two alternative operation scenarios, the IEO scenario in which releases equal 

inflows, and the Closed-loop scenario in which the Northfield pumped-storage facility is 

detached from the river, were also evaluated. 

Based on the modeling results, it was estimated implementation of the IEO scenario 

significantly improves the flow regime outcomes while it degrades the total revenue by 

12% compared to the Baseline scenario. The Closed-loop scenario improves the flow 

regime very slightly and enhances power and revenue generated at the system by 

respectively by 34% and 22% compared to the Baseline model. In terms of power 

generations, different facilities except for Northfield showed very close outcome under 

every operation scenario. Under the IEO and Closed-loop operation scenarios, Northfield 

resulted in an 8% decrease and a 65% increase respectively compared to the Baseline 

operation scenario.  In terms of revenue outcomes, the IEO scenario resulted in 8-17% 

reduction in revenues across the facilities. Under the Closed-loop scenario, the same 

revenue is generated for different facilities except for an 80% increase in Northfield and a 

10% increase in Turners Falls compared to the Baseline model. 

After assessing flow regime metrics, it is concluded the IEO operation scenario results in 

the least flow alterations since it has smoother release variations at the system outlet and 

significantly decreases RBF index median and range of variations, and average daily 

peak flow rate. Closed-loop operation scenario flow regime outcomes closely resembled 
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the Baseline operation scenario. All the three operation scenarios resulted in very close 

average daily flow rates confirming the hydropeaking operations on the Connecticut 

River do not change average flow rates on a time-scale greater than a daily time-scale.
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CHAPTER 2 

 

A MULTIOBJECTIVE OPTIMIZATION METHODOLOGY FOR RIVER BASIN 

TRADE-OFF ANALYSIS  

2.1. Introduction 

Water reservoirs meet different objectives including water supply, electricity generation, 

flood control, recreation, navigation, and ecological. Regulation of complex reservoir 

systems to best meet the objectives is challenging because the objectives are not 

commensurate and are often conflicting (Ahmadi et al., 2014; L.-C. Chang & Chang, 

2009; Foued & Sameh, 2001; Reddy & Nagesh Kumar, 2006, 2007; T. Yang et al., 

2015). Mathematical modeling can quantify the interactions between the objectives by 

evaluating future conditions of water systems based on different operation strategies. 

Various optimization methods have been presented for reservoir systems operation, each 

with specific limitations and advantages (Biglarbeigi et al., 2018; Giuliani et al., 2016; 

Labadie, 2004; Mason et al., 2018; Rani & Moreira, 2010; Yeh, 1985; Zatarain Salazar et 

al., 2016). The applicability of the methods described in the literature depends on factors 

including time and financial resources, data availability, stakeholder goals, and the 

modelers experience. Optimization modeling is often done when it is difficult to evaluate 

all the alternatives using a simulation model. In some cases, analysts develop an 

optimization model to eliminate less favorable alternatives concerning the objectives of 

interest and then evaluate the remaining alternatives using a detailed simulation model. 

Multiobjective approaches are applied to water resources systems problems when there 
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exist conflicts between the objectives of system (Aboutalebi et al., 2015; Bai, Chang, et 

al., 2015; Bai, Wu, et al., 2015; Ehteram et al., 2017; Y. Li et al., 2017; Liu et al., 2017; 

Luo, Chen, et al., 2015; Luo, Qi, et al., 2015; Madani & Hooshyar, 2014; Tsoukalas & 

Makropoulos, 2015). Multiple objective frameworks illustrate the trade-offs between 

different objectives and indicate how the system might be operated to improve some 

objectives without significantly sacrificing other objectives (Cohon & Marks, 1975). 

Pareto frontier can be developed using these methods that reveals the non-dominated set 

of solutions (Reed et al., 2013). More recently, different optimization techniques have 

been used for developing trade-offs in water systems including nature-inspired algorithms 

(Afshar & Hajiabadi, 2018; Niu et al., 2018; Seifollahi-Aghmiuni & Bozorg Haddad, 

2018; Srinivasan & Kumar, 2018) (in which optimization algorithms are developed 

mimicking the natural phenomena), mathematical programming (linear, mixed-integer, 

mixed-binary, or nonlinear programming) (Adams et al., 2017; Han et al., 2011), 

dynamic programming (Delipetrev et al., 2016; Zhao & Zhao, 2014) , and reinforcement 

learning (Castelletti et al., 2013). The technique chosen depends on the problem 

characteristics, accuracy required, and computational resources available. Application of 

nature-inspired algorithms has been limited to simple systems like those of dynamic 

programming and reinforcement learning. Mathematical programming methods however 

have successfully been applied to large and complex reservoir systems (Jenkins et al., 

2004; Steinschneider et al., 2014). Regardless of the optimization technique selected, 

objectives must be clearly quantified to allow for a proper evaluation of the objectives 

performance. 
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In recent decades, impacts of reservoir operation on sustainability of watersheds 

communities, and the need for providing complex ecological flow requirements have 

been studied (Arthington et al., 2006; Bain et al., 1988; Gerten et al., 2013; N. LeRoy 

Poff, 2009; Brian D Richter & Thomas, 2007; Saito et al., 2001; Sale et al., 1982; 

Shafroth et al., 2009; Symphorian et al., 2003; Tennant, 1976; X.-A. Yin et al., 2011). 

Although the implications of each reservoir is unique (McCartney, 2009), all reservoirs 

affect sustainability of watersheds to some degree by altering the flow regime in terms of 

magnitude, frequency, duration, timing and rate of changes (Poff et al., 1997). Biologists 

and ecologists have identified negative ecological impacts of flow alteration by daily and 

sub-daily reservoir regulations (Magilligan & Nislow, 2001). As Acreman et al. (2014) 

write “Environmental flows may be achieved in a number of different ways, most of 

which are based on either (1) limiting alterations from the natural flow baseline to 

maintain biodiversity and ecological integrity or (2) designing flow regimes to achieve 

specific ecological and ecosystem service outcomes. We argue that the former practice is 

more applicable to natural and semi-natural rivers where the primary objective and 

opportunity is ecological conservation. The latter “designer” approach is better suited to 

modified and managed rivers where return to natural conditions is no longer feasible and 

the objective is to maximize natural capital as well as support economic growth, 

recreation, or cultural history (466),” the common hypothesis is that flows will benefit 

ecosystems the best if they are closest to their natural state (Van Looy et al., 2014; 

Naiman et al., 2002), but if it is not possible to restore river flows, flows should be 

designed in a way that meet ecological metrics. In this regard, research has been done on 
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measuring flow alterations to determine the best management practices for riverine 

ecosystems health (Petts, 2009; N. LeRoyy Poff et al., 2010; Shiau & Wu, 2010; Vogel et 

al., 2007). Researchers have sought to: 1) identify natural flows; 2) develop measures to 

quantify the degree of alteration compared to natural flows (Gao et al., 2009; Weiskel et 

al., 2010), and 3) seek alternative operational strategies that minimize the degree of 

alteration.  

Steinschneider et al. (2014) sought to improve ecological performance of the Connecticut 

River basin by developing a linear program and examining the effects of various 

operation scenarios regarding ecological objectives and other goals. They penalized river 

flow deviations from natural flows in a piece-wise linear form to minimize the total 

amount of deviations. In another study for the same system, Julian et al. (2015) presented 

a decision support system combining hydrologic, ecological models with a simulation 

model developed in HEC-ResSim (Klipsch & Hurst, 2013). They quantified ecological 

goals using hydroperiods, defined as the number of days per year the flood plain is 

flooded. The modeling effort converts changes in operations to socio-economic and 

environmental alterations and describes how the flow regime might link to the specific 

species health. 

This research focuses on identifying the trade-offs of the Connecticut River system by 

applying a new multiple objective optimization methodology to the system. The 

methodology focuses on maximizing frequency of meeting ecological flow requirements 

rather than minimizing deviations from desired bounds performed by Steinschneider et al. 

(2014). The reason for following this approach is because it is assumed once the flows 


