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 

 

 

A.1.1 CONSERVATION OF MASS 

 

 

 𝑚̇𝑖𝑛

 𝑚̇𝑜𝑢𝑡

 
𝑑𝑚𝑣

𝑑𝑡

   

A.1.2 CONSERVATION OF MOMENTUM 


  

 



A.1.3 CONSERVATION OF ENERGY 

  

𝑄



   

 

 
     



𝑧1

𝐻



A.2.4 BERNOULLI EQUATION DERIVATION 

𝑠

 



𝑊

      

 𝜃
𝑑𝑧

𝑑𝑠
= sin 𝜃

 𝑚 = 𝜌𝑉 = 𝜌 𝑑𝐴 𝑑𝑠

 𝑊 = 𝑚𝑔 = 𝜌𝑔 𝑑𝐴 𝑑𝑠

 
 



  
   

  

     

 

 


   

𝑔


  



A.2.5 HYDRAULIC GRADE LINE/ENERGY GRADE LINE 
𝐻

 




 


 

𝑊̇



 

A.3.6 THE ENERGY EQUATION: PHS & UPHS  

   

 
 

   
            

   
 

 𝜌𝑄 = 𝑚̇



𝑄

𝑃1 𝑃2



𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 𝐻 𝑧1 − 𝑧2

𝐸̇𝑙𝑜𝑠𝑠𝑒𝑠  𝜇

  

 𝜌𝑄 = 𝑚̇  𝑃 = 𝜇𝑚̇𝑔𝐻

𝑚̇ 𝑚

     

 



A.3.7 THE ENERGY EQUATION: GRAVITY POWER 

𝑃𝑓𝑙𝑜𝑤,𝑖𝑛  + 𝑊̇𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙;𝑝𝑢𝑚𝑝,𝑖𝑛  + 𝑊̇𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙:𝑝𝑖𝑠𝑡𝑜𝑛,𝑖𝑛

𝑃𝑓𝑙𝑜𝑤,𝑜𝑢𝑡 + 𝑊̇𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙;𝑡𝑢𝑟𝑏𝑖𝑛𝑒,𝑜𝑢𝑡 + 𝐸̇𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙;𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑊̇𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙: 𝑝𝑖𝑠𝑡𝑜𝑛,𝑜𝑢𝑡

           

∑ 𝑚̇𝑤𝑎𝑡𝑒𝑟𝑔 ∙ 𝐻1

𝑖𝑛

+ ∑ 𝑊̇𝑝𝑖𝑠𝑡𝑜𝑛

𝑖𝑛

= ∑ 𝑚̇𝑤𝑎𝑡𝑒𝑟𝑔 ∙ 𝐻2

𝑜𝑢𝑡

+ 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + 𝐸̇𝑙𝑜𝑠𝑠𝑒𝑠



    

𝑃1 = 𝜌𝑤𝑎𝑡𝑒𝑟𝑔Δ𝑧

       



𝜇

   

  

   



 

 



 



 



 

 

   

𝐸

𝑚𝑟𝑒𝑙

𝑧 𝜇

C.1.1 SHAPE MAIN CONTAINER  

 

 

 

 

 

 

 



 𝑉

    

 ℎ

o  

 𝑧

 𝑑

 𝐴

o 

 𝐷

 𝜋

C.1.2 THE RELATIVE MASS 𝑚𝑟𝑒𝑙  

𝜌  𝜌

𝜌 𝑉

 

𝜌𝑟𝑒𝑙  

𝑉𝑝𝑖𝑠𝑡𝑜𝑛

𝐷  𝑑 𝐷

 

    

  

o 

o 

     



 

         

 𝐸

 𝐷

 𝑑

 𝑔

 𝑧

 𝜇

 𝜋

 𝜌𝑝𝑖𝑠𝑡𝑜𝑛

 𝜌𝑤𝑎𝑡𝑒𝑟



 
𝜇

 

 

 

μexternal 

μexternal 

μconversion 

μlocal 

μconversion 

μlocal 

𝝁𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏;𝒔𝒕𝒐𝒓𝒂𝒈𝒆 𝝁𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏;𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒊𝒐𝒏

       





  

   

 





 

    

     

   




 𝜇𝑙𝑜𝑐𝑎𝑙 = 0.95

 𝜇𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 0.98

     

𝜇𝑠𝑦𝑠𝑡𝑒𝑚 = 0.61 ∙ 0.95 ∙ 0.98 ≈ 0.57



𝜇𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝜇𝑝𝑢𝑚𝑝/𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝜇𝑚𝑜𝑡𝑜𝑟/𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟

𝜇𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟

𝜇𝑙𝑜𝑐𝑎𝑙

𝜇𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙



 



 

 

F.1.1 LIMIT STATES & LOAD FACTORS 

 

 

 



 

 



              




  
   





     
          

    
 

      

   


  



 

 




 𝑞𝑢𝑙

 𝑞𝑠𝑢𝑏𝑠𝑜𝑖𝑙

 𝛾[3]

F.3.2 LOAD ON THE SUBSOIL 𝒒𝒔𝒖𝒃𝒔𝒐𝒊𝒍 

  
    



 

F.3.3 CAPACITY SUBSOIL 𝒒𝒖𝒍𝒕 

          

 𝑐 [0 𝑘𝑃𝑎]

 𝑁𝑥 35°

o 𝑁𝑐 = 46.124
o 𝑁𝑞 = 33.296

o 𝑁𝛾 = 45.228

 𝑠𝑥

o 𝑠𝑐 = 1 + 0.2 ∙
𝐵

𝐿
= 1.2

o 𝑠𝑞 = 1 +
𝐵

𝐿
sin 𝜙 = 1

o 𝑠𝛾 = 1 − 0.3 ∙
𝐵

𝐿
= 0.7 

 𝐵

 𝐿

 𝛾 21

 𝑞

   



o 𝐷𝑓

o 𝐷

o    

o  

o 
   

     
  

F.3.4 BEARING CAPACITY CHECK 

               
 

 



 

 

G.1.1 MATERIAL PROPERTIES 

𝛾𝑝

𝛾𝑐

𝐸𝑐

𝑓𝑦𝑘

𝑓𝑦𝑑

𝑓𝑐𝑘

𝑓𝑐𝑡𝑘,0.05

𝑓𝑐𝑚

𝑓𝑐𝑡𝑚  ∙

𝑓𝑐𝑑 𝛼𝑐𝑐 ∙ 𝑓𝑐𝑘/𝛾𝑐

𝑓𝑐𝑡𝑑 𝛼𝑐𝑡 ∙ 𝑓𝑡𝑘,0.05/𝛾𝑐

𝐸𝑠

𝐸𝑝



 

G.2.2 DESIGN METHODOLOGY 

 




 𝐹𝑠,𝑥𝑥  

 𝑀𝑥𝑥

 ℎ𝑤

 



 𝐴𝑠

 𝑓𝑦𝑑
𝑓𝑦𝑘

1.15
)

 

  


 𝑏

𝜌

𝜌 

𝑀𝑥𝑥   ℎ𝑤





G.2.3 DESIGN CALCULATION (WALL) 

𝜌

𝑏

            

 

∅


 

  

 
 

 





 




   
     



𝐴𝑠

 ℎ𝑤

∅

    

  
   



G.2.4 DESIGN CALCULATION (FOUNDATION) 

𝑎

  

       

  
 


  

     
 

𝜌

𝐻𝑓 𝜌



 

G.3.5 DESIGN METHODOLOGY 

 𝑉𝑒𝑑 ≤ 𝑉𝑟𝑑,𝑐

o 𝑉𝑒𝑑

o 𝑉𝑟𝑑,𝑐



      

 𝑑 ≈ 0.75 ∙ ℎ𝑤

 𝑘 = 1 + √
200

𝑑

 𝑓𝑐𝑘

 𝜌

 𝑏

𝑑 𝑉𝑟𝑑,𝑐  

𝜌

  

 

    





 ℎ𝑤

cot 𝜃

 

 
 

    
  

   
  

 𝑑 ≈ 0.75 ∙ ℎ𝑤

 𝑓𝑐𝑘

 𝜃

 𝑉𝑒𝑑

 𝑏

cot 𝜃 

𝑉𝑒𝑑 𝑑

𝑑  𝑉𝑒𝑑



 

𝐴𝑠𝑤




  

 𝐴𝑠𝑤

 𝑠

 𝑉𝑒𝑑

 𝑓𝑦𝑘

 cot 𝜃

 



G.3.6 DESIGN CALCULATION 

 𝑉𝑒𝑑 ≤ 𝑉𝑟𝑑,𝑐





 

       

 

𝑉𝑒𝑑

 

 


  

     

 



𝑏 ℎ𝑙

1000

100
=

1000

200
=

5 ∙ 10






 





 

 



 







 



 𝑡0  𝑡1

 𝒕𝟎 𝒂𝒏𝒅 𝒕𝟏



 

G.5.7 LOADS 

𝛾𝑤

𝐻𝑙

 ∙

∙

∙





 

G.6.8 DIAMETER PIPE 

    

 𝑄

 𝑣1

 𝑣2

 𝐴1

 𝐴2

 


         

𝑣2 

  

    

 

 𝐷𝑖𝑛𝑛𝑒𝑟

 𝑣

    

  



G.6.9 THICKNESS PIPE 

 


 𝑃

 𝑆

 𝑡

 𝐷

𝑃

 𝑆 =

103000 kPa

 
  

 



 

 

H.1.1 PRESSURE PARAMETER 

H.1.2 TEMPERATURE PARAMETER 

H.1.3 SPEED PARAMETER 



H.1.4 SURFACE FINISH PARAMETER 

 𝑅𝑎

𝑅𝑚𝑎𝑥  



 

 

 

 

 

I.2.1 FOUNDATION 

  

   

       



     

I.2.2 CYLINDRICAL WALL 

  

    

        

              



I.2.3 ROOF 

      

           

 



I.2.4 RETURN PIPE 

 


        

I.2.5 THE PISTON 

      

 

I.3.6 PUMP/TURBINE 

  



I.3.7 GENERATOR 
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K.1.1 BENDING MOMENT 
%% bending moment wall thickness/reinforcement 

clear; 

clc; 

Mxx=[5E9:1E5:20E9]'; 

fyd=435; 

b=1000; 

%% hw = 800 mm 

hw = 800; 

  

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho8=100*As/(hw*b); 

  

%% hw = 1000 mm; 

hw = 1000; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho10=100*As/(hw*b); 

%% hw = 1200 mm; 

hw = 1200; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho12=100*As/(hw*b); 

%% hw = 1400 mm; 

hw = 1400; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho14=100*As/(hw*b); 

%% hw = 1600 mm; 

hw = 1600; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho16=100*As/(hw*b); 

%% hw = 1800 mm; 

hw = 1800 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho18=100*As/(hw*b); 

  

  

%% hw = 2000 mm; 

hw = 2000 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho20=100*As/(hw*b); 

%% 

rho=[rho8 rho10 rho12 rho14 rho16 rho18 rho20]; 

  

plot(Mxx/1E6,rho); grid; 

xlabel('Bending moment Mxx [kNm]','FontSize',13); 

ylabel('\rho [%]','FontSize',13); 

h_legend=legend('hw=800 mm','hw=1000 mm', 'hw=1200 mm','hw=1400 mm','hw=1600 mm','hw=1800 mm','hw=2000 mm'); 

set(h_legend,'FontSize',13); 

set(gca,'XTick',[5E3:1E3:20E3]) 



K.1.2 SHEAR FORCE RESISTANCE CONCRETE 
%% 

%*shear force  STRUTTZ* 

clear; 

clc; 

  

d(:,1)=[1:20000]; 

% parameters 

fck = 50;  

bw = 1000; 

  

%% rho =0.01 

rho=0.01; 

k1=1+(sqrt(200./d)); 

Vrdc1=0.12.*k1*(100*rho*fck)^(1/3)*bw.*d; 

  

%% rho =0.02 

rho=0.02; 

k2=1+(sqrt(200./d)); 

Vrdc2(:,1)=0.12.*k2*(100*rho*fck)^(1/3)*bw.*d; 

  

%% plots 

Vrdc=[Vrdc1 Vrdc2]; 

plot(Vrdc/1E3,d/1E3); grid 

xlabel('Shear Resistance V_r_d_,_c 

[kN]','FontSize',13); 

ylabel('d [m]','FontSize',13); 

h_legend=legend('\rho=1%','\rho=2%'); 

set(h_legend,'FontSize',13); 



K.1.3 SHEAR FORCE VS. COT THETA 
%% 

%*shear force  STRUTTZ* 

clear; 

clc; 

  

vEd(:,1)=[4E6:1E4:16E6]; 

  

fck = 50;  

b = 1000;  

  

%% d=1000 

  

d=1000; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g0=0.5*asin(x); 

b0=cot(g0); 

  

%% d=1200 

d=1200; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g2=0.5*asin(x); 

b2=cot(g2); 

  

%% d=1400 

d=1400; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g4=0.5*asin(x); 

b4=cot(g4); 

  

%% d=1600 

d=1600; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g6=0.5*asin(x); 

b6=cot(g6); 

  

%% d=1800 

d=1800; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g6=0.5*asin(x); 

b8=cot(g6); 

%% 

  

b=[b0 b2 b4 b6 b8] 

  

plot(vEd(:,1)/1E3,b); grid 

xlabel('Shear Force V_e_d [kN]','FontSize',13); 

ylabel('cot(\theta) [-]','FontSize',13); 

h_legend=legend('d=1000 mm', 'd=1200 mm','d=1400 mm','d=1600 mm','d=1800 mm'); 

set(h_legend,'FontSize',13); 

set(gca,'XTick',[4E3:1E3:20E3]) 



K.1.4 COST OPTIMIZATION 

 

Function file 
function europkwh = europerkwh(D,h,rho_piston,piston_price) 

%% energy function 

rho_water=1000; 

g=9.81; 

mu=0.57; 

jtokwh=3.6E6; 

pvj=365*50;     %totale kwh in 50 jaar 

kwh=((((1/16).*(rho_piston-rho_water).*mu.*D.^2*pi*g.*h.^2))./jtokwh).*pvj; %.*pvj 

%% the foundation 

n=0.99; %reinforcement ratio 

cost_concrete= 120; % cost per m3 

cost_formwork= 50;% in €/m3 

cost_reinforcement=6240; 

w_wallz=1;% wall width  

ftot_vol_concrete=(2+2*w_wallz+D).^3/10; 

ftot_vol_formwork=(2+2*w_wallz+D).^2+4*(1/10).*(2+2*w_wallz+D).*(2+2*w_wallz+D); 

costf=n.*cost_concrete*ftot_vol_concrete+(1-

n).*cost_reinforcement.*ftot_vol_concrete+cost_formwork.*ftot_vol_formwork; %total cost in euros 

%% wall 

% overview 

n_w=0.97; % reinforcement ratio 

cost_concrete= 120; % cost per m3 

cost_climbing_formwork= 450;% in €/m3 

cost_reinforcement=6240; 

w_wallz=1; % thickness of the wall (1 m) 

vol_wall=pi.*D*w_wallz.*h; 

form_wall=2*pi.*D*3.5+2*w_wallz*3.5+pi.*D*w_wallz; 

costw=(n_w).*vol_wall.*cost_concrete+(1-

n_w).*vol_wall.*cost_reinforcement+form_wall.*cost_climbing_formwork; 

%% pistons 

V_piston=(1/4)*pi*D.^2.*(h/2); % 

costp=V_piston*piston_price; 

%% Cost mechanical components 

RPT=3E6; 

  

%% europerkwh 

europkwh= (costf+costw+costp+RPT)./kwh 

 
 



Plot file 
 

%% In this file, the energy/kwh will be determined 

clear; 

clc; 

  

%% priston prices 

price_sand=4; 

price_concrete=120; 

price_ironore=535.5; 

price_leadore=6799;  

%% piston densities 

rho_sand=2100; 

rho_concrete=2500; 

rho_ironore=5100; 

rho_leadore=7600; 

   

 

%% Plot of D and h 2/1 

D=[30:100]'; 

h=[2*D]; 

  

% lead ore piston 

ppkwh_lead=europerkwh(D,h,rho_leadore,price_leadore); 

% iron 

ppkwh_iron=europerkwh(D,h,rho_ironore,price_ironore); 

% concrete 

ppkwh_concrete=europerkwh(D,h,rho_concrete,price_concrete); 

% concrete 

ppkwh_sand=europerkwh(D,h,rho_sand,price_sand);    

  

% subplot(2,1,1) 

% plot(h,ppkwh_lead,'b'); xlabel('Height h [m]','Fontsize',13);  

% ylabel('€ / kWh','Fontsize',13); title('Price Material vs height container (h=2\bulletD)','FontSize', 15); hold on 

% plot(h,ppkwh_iron,'r'); hold on 

% plot(h,ppkwh_concrete,'black'); hold on  

% plot(h,ppkwh_sand,'g'); hold on 

% plot([h(1) h(end)],[0.04 0.04], '-.m'); hold off 

% h_legend=legend('lead ore','Iron ore','Concrete','Sand','Target Value'); 

% set(h_legend,'FontSize',12);  

  

  

plot(h,ppkwh_sand,'g'); title('Price Material vs height container (h=2\bulletD)','FontSize', 15); hold on 

xlabel('Height h [m]','Fontsize',13);  

ylabel('€ / kWh','Fontsize',13); 

plot([h(1) h(end)],[0.04 0.04], '-.m');  

axes1=gca; 

set(axes1, 'XAxisLocation',  'bottom'); 

h_legend=legend('Sand','Target Value'); 

set(h_legend,'FontSize',12);  

hold off; 

  

  

%% Plot of D and h 3/1 

D=[20:100]'; 

h=[3*D]; 

  

% lead ore piston 

ppkwh_lead=europerkwh(D,h,rho_leadore,price_leadore); 

% iron 

ppkwh_iron=europerkwh(D,h,rho_ironore,price_ironore); 

% concrete 

ppkwh_concrete=europerkwh(D,h,rho_concrete,price_concrete); 

% concrete 

ppkwh_sand=europerkwh(D,h,rho_sand,price_sand);    

  

% subplot(2,1,2) 

% plot(h,ppkwh_lead,'b'); xlabel('Height h [m]','Fontsize',13);  

% ylabel('€ / kWh','Fontsize',13); title('Price Material vs height container (h=3\bulletD)','FontSize', 15); hold on 

% plot(h,ppkwh_iron,'r'); hold on 

% plot(h,ppkwh_concrete,'black'); hold on  

% plot(h,ppkwh_sand,'g'); hold on 

% plot([h(1) h(end)],[0.04 0.04], '-.m'); hold off 

% h_legend=legend('lead ore','Iron ore','Concrete','Sand','Target Value'); 

% set(h_legend,'FontSize',12);  

  

  

   

% subplot(2,1,2) 

% plot(h,ppkwh_sand,'g');  title('Price envelope sand piston vs Dimensions {D=h/3}','FontSize', 15); 

% xlabel('Height h [m]','Fontsize',13);  

% ylabel('€ / kWh','Fontsize',13); 

% axes1=gca; 

% set(axes1, 'XAxisLocation',  'bottom'); 

% hold off; 



 

K.2.5 PRELIMINARY DESIGN 
restart; with(plots); 

print(`output redirected...`); # input placeholder 

  

print(??); # input placeholder 

rho[piston] := 12250; rho[water] := 1000; E := 148500000000*(1/6); g := 9.81; mu := .57; 

print(`output redirected...`); # input placeholder 

  

  

print(`output redirected...`); # input placeholder 

  

  

h := proc (Dm) options operator, arrow; sqrt(E/(((1/16)*rho[piston]-(1/16)*rho[water])*g*mu*Pi*Dm^2)) end proc; 

print(`output redirected...`); # input placeholder 

  

  

  

y := proc (x) options operator, arrow; x*1.6 end proc; 

print(`output redirected...`); # input placeholder 

gg := plot(y, 0 .. 100, linestyle = dot, color = green); 

print(`output redirected...`); # input placeholder 

zz := plot(80, 0 .. 100, linestyle = dash, color = red); 

%; 

  

  

hh := plot(h, 0 .. 1000, view = [0 .. 100, 0 .. 100], labels = [Diameter*D, Height*h], color = blue, gridlines = 

true, labelfont = [Arial, roman, 14], labeldirections = [horizontal, vertical]); 

print(`output redirected...`); # input placeholder 

  

display(hh, gg, zz); 

%; 

  

  

  

evalf(h(50)); 

print(`output redirected...`); # input placeholder 

  

  

  

Buffering 

yearly := 1000*(4000*3600)*1.5; 

print(`output redirected...`); # input placeholder 

daily := (1/365)*yearly; daily2 := 2*daily; daily3 := 3*daily; 

print(`output redirected...`); # input placeholder 

weekly := 7*daily; 

print(`output redirected...`); # input placeholder 

monthly := 4*weekly; 

print(`output redirected...`); # input placeholder 

seasonaly := 3*monthly; 

print(`output redirected...`); # input placeholder 

print(??); # input placeholder 

  

  

  

rho[piston] := 12250; rho[water] := 1000; g := 9.81; mu := .57; 

print(`output redirected...`); # input placeholder 

d := 20; h := 50; households := 10000; 

print(`output redirected...`); # input placeholder 

  

hzz := evalf(17800000000/(((rho[piston]-rho[water])*(1/4))*Pi*Dmz^2*d*g*mu)+d); 

print(`output redirected...`); # input placeholder 

  

  

Dm := evalf(sqrt(daily*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

  

Dm := evalf(sqrt(weekly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

Dm := evalf(sqrt(monthly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

Dm := evalf(sqrt(seasonaly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

Dm := evalf(sqrt(yearly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

  

  

  

  

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 𝑡0 𝑎𝑛𝑑 𝑡1  

 

 

 

 

 

 

 

 

 

 

 

 

file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536270
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536272
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536273
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536276
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536283
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536292
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536293
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536300
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536301
file:///D:/Dropbox/Afstuderen/FINAL/part2/Samenvoegen/Parttwo_1254.docx%23_Toc360536302


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Abstract
	Contents
	Introduction
	Objectives Part Two
	CHAPTER 4. HYDRO STORAGE SYSTEMS
	4.1 Introduction
	4.2 Basic definitions, principles and physical quantities
	4.2.1 Dimension and units
	4.2.2 Potential energy

	4.3 Hydro storage variants
	4.4 Hydro storage analysis
	4.4.1 PHS & UPHS
	PHS vs. UPHS

	4.4.2 Gravity power
	4.4.3 Comparison


	CHAPTER 5. BUFFER CAPACITY & PRELIMINARY DESIGN
	5.1 Introduction
	5.2 Buffer Capacity
	5.2.1 Capacity
	5.2.2 Approach
	5.2.3 Tank parameters
	Initial tank size
	The efficiency 𝜇: 0.57 [-]
	The density of the piston 𝜌: 12000 kg/m³ [-]
	Overview tank parameters

	5.2.4 Tank size vs capacity
	5.2.5 Peak load buffering

	5.3 Preliminary tank design
	Energy Storage 𝐸: 24.75GJ (daily storage)
	5.3.1 Boundary conditions
	B.C.1 Ratio between height container and piston thickness:  ,h-d.=,2-1.
	B.C.2 Maximum Piston thickness ,𝑑-𝑚𝑎𝑥.:  40 meter
	B.C.3 Maximum container height, ℎ-𝑚𝑎𝑥.: 80 meter
	B.C.4 Ratio Thickness/Diameter piston:  ,𝑑-𝐷.≥1
	B.C.5 Ratio between container height and piston diameter  ,ℎ-𝐷.≥2

	5.3.2 The Optimal Energy equation
	5.3.3 Container Size Determination
	Overview Design conditions phase I
	Determining the container size
	Step 1: The design boundary conditions
	Step 2: The plot (energy line)
	Step 3: The design area
	Step 4: Determining container size


	5.3.4 Final Design specifications


	CHAPTER 6. TECHNICAL DESIGN
	6.1 Introduction
	6.1.1 Design scheme
	6.1.2 General requirements
	General
	Wall
	Floor
	Joints

	6.1.3 Placement storage device
	Advantages for underground placement (=disadvantages for aboveground placement)
	Disadvantages for underground placement (=advantages for aboveground placement)

	6.1.4 Design components
	Main container/tank
	Piston
	Pump/turbine
	Return pipe
	Foundation
	Generator/Motor
	Valves


	6.2 External stability
	6.2.1 Introduction
	6.2.2 Soil properties
	6.2.3 Overview loads
	Vertical loads
	Horizontal loads
	Load evaluation

	6.2.4 Failure Mechanisms
	I.      Sliding stability
	II.     Overturning stability
	III.    Bearing capacity subsoil
	Evaluation


	6.3 Internal Stability
	6.3.1 Overview Loads
	Internal Loads
	Water load
	Piston load
	Internal load 3D direction

	External loads
	Temperature load
	Wind load

	Special loads
	Prestressing load
	Remarks about Prestressing
	Dynamic loads


	6.3.2 Loading phases
	Phases
	Critical Design phase
	The real purpose of (horizontally) prestressing
	Liquid tightness
	Leakage along the wall


	6.3.3 Main container - Overview
	Components
	Design approach main container
	Foundation
	Foundation height

	Wall: Model
	Wall: Model input
	Joints
	Stiffness
	Loads

	Wall: Model output
	Envelope (moment)
	Shear force
	Envelope development during piston movement
	Wall deformation

	Wall: Design criteria
	1) Design in bending: the economical (longitudinal) reinforcement ratio
	2) Design in shear: the shear force capacity
	3) Design in liquid tightness: the minimum concrete compression zone

	Wall: Evaluation design
	1) Bending moment design
	2) Shear force design


	6.3.4 Return pipe
	The pipe diameter
	The pipe wall thickness

	6.3.5 Turbine/Pump
	Design requirements
	Total head: 400 m
	Discharge: 0.9 m³/s
	Energy: 1250 kWh

	RPT selection


	6.4 Construction
	6.4.1 Preparation
	6.4.2 Foundation
	6.4.3 Cylindrical walls
	6.4.4 Construction of the piston
	6.4.5 Installation of mechanical components
	6.4.6 Testing
	6.4.7 Installation roof
	6.4.8 Final result

	6.5 Costs
	6.5.1 Introduction
	Components

	6.5.2 Cost Overview

	6.6  Evaluation

	CHAPTER 7. OPTIMIZATION
	7.1 Introduction
	7.2 The production cost function
	7.2.1 Material Cost
	7.2.2 Energy production

	7.3 Goal
	7.4 Changing piston material
	7.5 Changing dimensions
	7.5.1 Results

	7.6 Tank capacity

	CHAPTER 8. CONCLUSIONS, RECOMMENDATIONS & EVALUATION
	8.1 Conclusions
	8.2 Recommendations
	8.3 Evaluation
	8.3.1 Findings
	8.3.2 Grey area


	References
	List of figures and tables
	APPENDICES
	Appendix A:  Principles of fluid mechanics
	A.1 Principles of fluid mechanics
	A.1.1 Conservation of mass
	A.1.2 Conservation of momentum
	A.1.3 Conservation of energy

	A.2 Bernoulli
	A.2.4 Bernoulli equation derivation
	A.2.5 Hydraulic grade line/Energy grade line

	A.3 Hydro storage analysis
	A.3.6 The energy equation: PHS & UPHS
	A.3.7 The energy equation: gravity power


	Appendix B: Design Sketches/Ideas
	B.1 System Sketches
	B.2 Stability sketches
	B.3 Sealing sketches

	Appendix C: The energy equation
	C.1 Initial energy equation
	C.1.1 Shape main container
	C.1.2 The relative mass ,𝑚-𝑟𝑒𝑙.

	C.2 The energy equation (GPHS)
	C.3

	Appendix D: Efficiency
	Appendix E: Soil properties
	Appendix F: External Stability
	F.1 General information
	F.1.1 Limit states & load factors

	F.2 Overturning stability
	F.3 Bearing capacity of the subsoil
	F.3.2 Load on the subsoil 𝒒,-𝒔𝒖𝒃𝒔𝒐𝒊𝒍.
	F.3.3 Capacity subsoil ,𝒒-𝒖𝒍𝒕.
	F.3.4 Bearing capacity check


	Appendix G:  Internal Stability
	G.1 General information
	G.1.1 Material properties

	G.2 Design in bending
	G.2.2 Design methodology
	G.2.3 Design calculation (wall)
	G.2.4 Design calculation (foundation)

	G.3 Design in Shear
	G.3.5 Design methodology
	G.3.6 Design calculation

	G.4 The effect of reducing prestressing
	G.5 Model inputs
	G.5.7 Loads

	G.6 Return pipe
	G.6.8 Diameter pipe
	G.6.9 Thickness pipe


	Appendix H: Construction
	H.1 Piston sealing
	H.1.1 Pressure parameter
	H.1.2 Temperature parameter
	H.1.3 Speed parameter
	H.1.4 Surface finish parameter


	Appendix I:  Cost
	I.1 Pricing rates
	I.2 Structural components
	I.2.1 Foundation
	I.2.2 Cylindrical wall
	I.2.3 Roof
	I.2.4 Return pipe
	I.2.5 The piston

	I.3 Mechanical components
	I.3.6 Pump/Turbine
	I.3.7 Generator


	Appendix J:  Cost Optimization
	J.1 The production cost function
	J.1.1 Energy function
	J.1.2 Material Cost function


	Appendix K: Software Codes
	K.1 Matlab
	K.1.1 Bending moment
	K.1.2 Shear force resistance concrete
	K.1.3 Shear Force vs. cot theta
	K.1.4 Cost optimization

	K.2 Maple
	K.2.5 Preliminary design



	Appendix List of Figures and Tables

